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Helicon plasma sources are devices that are capable of efficiently producing high 
density plasmas.  There is growing interest in utilizing helicons in space propulsion as an 
ion thruster or a component thereof.  However, it is not yet known if the helicon plasma 
source is able to function as both an ion source and io  accelerator, or whether an 
additional ion acceleration stage is required.  In order to evaluate the capability of the 
helicon source to accelerate ions, the acceleration and ionization processes must be 
decoupled and examined individually.  To accomplish this, a case study of two helicon 
thruster configurations is conducted.  The first is an electrodeless design that consists of 
the helicon plasma source alone, and the second is a helicon ion engine that combines the 
helicon plasma source with electrostatic grids used in ion engines.  The electrodeless 
configuration is used to examine the structure of the plasma plume and the resulting ion 
acceleration the plume generates.  The gridded configuration is a unique design that 
utilizes a magnetically shielded anode to bias the discharge plasma potential and 
electrostatic grids to accelerate the ions.  This configuration separates the ionization and 
ion acceleration mechanisms and allows for individual evaluation not only of ion 
acceleration, but also of the components of power expenditure and the ion production 
cost. 
In this study, both thruster configurations are fabricated and experimentally 
characterized.  The metrics used to evaluate ion acceleration are ion energy, ion beam 
current, and the plume divergence half-angle, as the e capture the magnitude of ion 
acceleration and the bulk trajectory of the accelerated ions.  The thrust of each 
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configuration is also measured to compare with the estimated thrust contribution from the 
accelerated ions.  The electrode-less thruster is further studied by measuring the plasma 
potential, ion number density, and electron temperature inside the discharge chamber and 
in the plume up to 60 cm downstream and 45 cm radially outward.  The two 
configurations are tested across several operating parameter ranges: 343-600 W RF 
power, 50-450 G magnetic field strength, 1.0-4.5 mg/s argon flow rate, and the gridded 
configuration is tested over a 100-600 V discharge voltage range.  Most of the operating 
conditions selected are identical between configurations to allow performance 
comparisons, although there are several cases where on  configuration is tested beyond 
the other to determine operating parameter effects.  
Both configurations are found to have thrust and effici ncy below contemporary 
thrusters of similar power, but the distinction betw en the performances is in the ion 
acceleration mechanisms and degree of the power losses.  For the gridded variant, the 
primary losses are under-focusing of the ions due to low grid voltages and poor RF 
coupling to the plasma.  Despite this, the generated ion beam current is in the range of 
65-120 mA with ion energies in the hundreds of volts in a collimated beam.  In contrast, 
the loss mechanisms in the electrodeless configuration affect all three performance 
metrics.  The beam current is generally less than 20 mA, which demonstrates few ions are 
accelerated.  Furthermore, those ions that are accelerat d have low energies in the range 
of 20-40 V, restricted by the change in plasma potential across the plume.  Finally, these 
ions are highly divergent due to the formation of regions of high plasma potential that 
create radial electric fields.  In total, few ions are accelerated, while those that are have 
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low energies and do not form a collimated beam, all of which is prohibitive for 
propulsive application. 
Another basis of comparison between the two configurations is the degree of 
parametric control of the ion acceleration.  Initial performance evaluations can often be 
mitigated by demonstrable control over the ion acceleration, as it suggests the behavior of 
the device can be improved through optimization.  Variance of the operating parameters 
of the gridded configuration demonstrated a high degre  of control of all three 
performance metrics.  A set of modifications is determined using extrapolation of the 
empirical data that should increase performance to match other ion engines of similar 
specifications.  In contrast, the electrodeless configuration ehibits negligible control of 
the performance metrics.  There are fewer operationl parameters available for variation 
compared to the gridded configuration, and optimization of one metric often adversely 
affects another.  Furthermore, while ion trajectory is impacted primarily by the magnetic 
field, it has negligible effect on the beam divergenc  half-angle.  Rather than collimating 
the plume, an increase in the magnetic field deflects ions at large angles.  Therefore while 
the initially poor performance of the gridded configuration is mitigated by the fact that 
parametric optimization will yield significant gains, the electrodeless configuration has 
not such clear pathway for improvement.   
A primary benefit to using the gridded configuration in this study is that it separates 
the ionization and ion acceleration mechanisms and allows for accurate measurement of 
both.  Using measurements of the plasma structure of the helicon plasma source along 
with performance measurements of the gridded configuration, the ion production cost of 
the helicon plasma source is estimated.  This is the first work where ion beam current is 
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directly measured without the use of Faraday or Langmuir probes, which can 
overestimate the ion current and lead to large uncertainties in the ion production cost.  
Discharge efficiency was found to range from 132-21 eV/ion for argon, the lower bound 
of which is comparable to the 157 eV/ion in contemporary DC discharges.  The upper 
bound is generally due to high ion loss to the walls and high discharge plasma 
temperature.  Optimization of the discharge chamber is p edicted to further decrease the 
ion production cost below that of DC discharges.   
There are three unique contributions of this work.  The first is the development and 
testing of a gridded helicon ion thruster that uses a magnetically shielded anode to bias 
the thruster discharge plasma.  This approach decouples the ionization and ion 
acceleration processes and allows for individual examination of each.  The second is 
estimation of the ion production cost of a helicon plasma source as an integrated 
component of a gridded engine.  The third contribution is measurement of the structure of 
the plasma plume of an expanding helicon plasma and the impact of region of high 
















1.1 Rocket Propulsion 
 
1.1.1 Chemical Propulsion 
The basic premise of rocket propulsion is to accelerate a working fluid (the 
propellant) away from the vehicle along the axis of desired motion.  By Newton’s third 
law, as the propellant is accelerated away from the vehicle, the vehicle is propelled in the 
opposite direction.  There are several ways to accelerat  the propellant, but the ubiquitous 
rocket archetype is the chemical engine, which uses th  combustion of one or more 
propellants to generate a high enthalpy fluid which is accelerated through a nozzle to 
produce thrust.  The specific impulse, Isp of an engine is defined as the thrust per unit 






=       (1.1) 
 
The specific impulse is directly related to the exit velocity of a gas.  A fundamental 
limitation of chemical rockets is that the energy of the exhaust is extracted from the 
energy of the chemical bonds in the propellant, which places an upper limit on the 
exhaust velocity.  Therefore, if a rocket with high specific impulse is desired, another 




1.1.2 Electric Propulsion 
Electric propulsion (EP) is the concept of using electrical energy, rather than 
chemical energy, to accelerate the propellant.  There are three categories of EP devices 
based on the method of propellant acceleration: electrothermal, electrostatic, and 
electromagnetic.  Electrothermal thrusters use Ohmic heating through a resistor or an 
electrical arc to increase the enthalpy of the propellant and expand the gas through a 
nozzle to create thrust.  Electrostatic and electromagnet thrusters ionize the propellant 
and use either electric fields or the Lorentz force, espectively, to accelerate the ions and 
generate thrust.  A common example of an electrostatic thruster is the ion engine, which 
uses a series of aligned metallic grids to accelerate ion.  Figure 1 shows a picture of a 
typical ion engine.  The common premise in all EP devices is that the exhaust energy of 
the propellant is not extracted from internal energy, but instead is deposited from an 
external power source.  This implies that the specific impulse has no limit, although in 
practice it is limited by spacecraft design and power allocation.    
 
 
Figure 1. 13-cm Xenon Ion Propulsion System (XIPS) thruster.1 
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For electrostatic and electromagnetic EP devices, one of the most critical components 
is the ion source.  Since the most acceleration mechanisms in EP devices only affect ions, 
such as an electric field, the overall acceleration of the propellant is dependent on the 
ionization efficiency of the ion source.  The vast majority of EP devices use collisional 
ionization between a cathode and an anode as the ion source.  Electrons are created in the 
cathode and are accelerated towards the anode; neutral propellant is fed into the discharge 
where the energetic electrons collide with the neutrals, creating ions.      
While collisional excitation is well understood, there is potential for improvement 
over anode-cathode discharge plasmas by moving to a more efficient and flexible ion 
source.   Helicon ion sources offer increased ionization efficiencies and the ability to 
operate over a wide range of operational parameters and gases.  Helicon sources also 
offer a key capability to adjust electron energy, which can alter the collisional cross 
section and selectively ionize specific chemical species.2  This capability is of particular 
interest in dual-use propellant systems, where a chemical engine is paired with an EP 
system that share a joint propellant source.  A helicon source would allow for a more 
efficient method of ionization that could ionize the molecular propellant and avoid 
dissociating the propellant into multiple fragments and waste power.  Despite the great 
potential of helicons and their observed high efficien y as a plasma source, there is 







1.2 Helicons and RF Thrusters 
 
1.2.1 Helicon Source 
A helicon plasma source is a highly efficient devic apable of creating a high 
density, low temperature plasma using RF waves transmitted from an antenna.3-9  The RF 
waves couple to the helicon wave that propagates throug  a plasma, depositing energy 
into the plasma.  The RF energy is deposited into the free plasma electrons, creating an 
energy distribution within the electron population.  The electron energy distribution 
function (EEDF) can be manipulated by changing various operational parameters, such as 
RF power, RF frequency, and applied DC magnetic field strength.  Electron-neutral 
collisions where the electrons have energy exceeding the neutral atom ionization energy 
result in the creation of an ion-electron pair.  Thus for a mixture of propellants, the ion 
species produced by the helicon source can be tuned by altering the EEDF to target 
specific ionization energies.  
 
1.2.2 Helicon Thrusters 
A helicon thruster is a device that uses a helicon source to create and accelerate ions.  
There are two approaches to helicon thrusters: a single stage device that creates and 
accelerates ions simultaneously, or a two-stage device that separates ionization and ion 
acceleration.  Most attempts to create a helicon thrus er have focused on the single-stage 
approach.10-20  The advantage to this configuration is that it has no electrode exposed to 
the plasma, and thus erosion, which is one of the primary lifetime determining factors, is 
greatly mitigated.  The problem with this thruster design is that every test has been 
characterized by a few millinewtons of thrust and effici ncy below 3%.  Since the helicon 
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plasma source has a high efficiency, the low thrust efficiency is likely created in the ion 
acceleration stage of the helicon thruster.   
In addition to the propulsion research using helicons focused on the helicon source as 
the entire thruster, there has been some investigation into two-stage helicon thrusters that 
use an additional ion accelerator in conjunction with a helicon source.  The first research 
efforts were not directed toward propulsion, but instead focused on ion beam generation 
for general applications using single aperture setups.21-23  Recently there has been 
development of thruster systems that combine the helicon plasma source with an 
additional acceleration stage for the explicit purpose of thrust generation.24-26  By 
separating the ion generation and the ion acceleration mechanisms, the two-stage design 
potentially preserves the high ionization efficiency of the helicon source and avoids the 
low efficiency apparent in most helicon thrusters.  A greater degree of development has 
been done for two-stage engines that use an inductive RF discharge instead of a helicon 
discharge.27-29  Figure 2 shows two examples of RF thrusters.  However, research into 
application of a helicon plasma source in a two-stage thruster design remains limited.   
 
 
Figure 2.  Example RF thrusters: the helicon Hall thruster26 (left) and an RF ion thruster28 (right) 
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As a result of the lack of research in the area of helicon thrusters, there is limited 
experimental measurement of the ion production cost.  Thus while the helicon plasma 
source is theoretically a very efficient ion source, there is very little experimental 
confirmation.  Investigations into the ion production cost is further complicated by the 
fact that for single-stage helicon thrusters there is no accurate method to directly measure 
the ion beam current.  Previous research relied on measurement of the beam current using 
multiple planar Langmuir probes downstream,30 or through measurements of the helicon 
plasma density using a Langmuir probe and assuming some overall ion diffusion.31  The 
difficulty with the first approach is that probes within a plasma form a plasma sheath, 
which tends to increase collection area and overestimate overall ion current.  The second 
approach neglects the plasma structure, which strongly impacts ion diffusion rates, and 
assumes an ion exit velocity without direct measurements.  Even research into two-stage 
helicon thrusters has met with difficulty in determining the ion production cost, as the 
Hall thruster stage allows electron backstreaming to the anode, which prevents accurate 
measurements of the beam current.26   
 
1.3 Problem Statement and Research Aim 
 
While research has been conducted on both single and two-stage thruster approaches, 
there has been no evaluation of the relative capability for ion acceleration.  Most 
experimental development has focused on one concept or the other without determining 
the relative merits of each approach.  The one example26 of concurrent work that does 
examine both single-stage and two-stage helicon thrus e s does not fully examine the ion 
acceleration mechanism of the single-stage configuration.  Therefore, the goal of this 
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work is to determine whether a two-stage thruster design is a more effective design 
approach to developing a helicon thruster.   
 
1.4 Research Methodology 
 
In order to evaluate the ion acceleration capability of helicon thrusters, two thruster 
configurations, single-stage and two-stage, are fabric ted and tested.  The first 
configuration is a single-stage, electrodeless helicon thruster (EHT) that consists solely of 
the helicon plasma source.  In this device, the presumed ion acceleration mechanism is a 
current-free double layer that forms near the exit plane of the helicon.  While the double 
layer is reviewed in Chapter II, the mechanism itself i  not studied; instead the resulting 
ion acceleration is the subject of interest.  The other configuration is a two-stage gridded 
helicon ion thruster (GHIT) that combines the helicon plasma source with electrostatic 
grids to accelerate ions.  A magnetically shielded anode is placed within the helicon 
plasma to collect electrons and bias the discharge plasma.  The ion acceleration 
mechanism in this configuration is the electrostatic potential drop between the helicon 
plasma and the downstream plume plasma and the electric field between the grids.  In 
order to make the comparison between the two configurations as accurate as possible, 
both devices utilize the same helicon plasma source.  Thus the only difference between 
the two thrusters is the addition of the acceleration stage of the two-stage variant. 
Device feasibility is determined by comparing two qualities: the performance of each 
thruster and the degree of control over the performance by manipulating operating 
conditions.  Thruster performance provides several direct quantitative metrics for 
comparison, while performance control is a more qualitative figure of merit that can be 
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used to compare the relative difficulty to optimize th  thruster.  As an example, a thruster 
with substandard performance that demonstrates a highly predictable degree of control is 
still a feasible design, as it can easily be optimized for a different set of operating 
conditions.  Conversely, a thruster that has higher performance with a much lower degree 
of control over the thruster behavior can be a liability for design and mission planning 
purposes. 
The chosen ion acceleration performance metrics for the case study are the ion 
energy, the beam current, and the amount of divergence of the ion beam created.  The ion 
energy quantifies the amount of acceleration each ion undergoes, while the beam current 
demonstrates the number of ions that can be accelerat d.  The beam divergence describes 
the overall trajectory of the ions and degree of beam collimation.  While other metrics, 
such as thrust or specific impulse, are measured as a part of the performance evaluation, 
they are not used in comparing thruster feasibility.  This is due to such metrics being 
large scale qualities that do not capture how each device accelerates ions, as it is ion 
acceleration that is the function of interest.     
 
1.5 Research Contributions 
 
This work makes several novel contributions to the field of electric propulsion.  The 
first is the development of a gridded helicon ion thruster that utilizes a magnetically 
shielded anode to bias the thruster discharge plasma.  While inductive RF ion engines 
have already been developed, this is the first occurrence of an ion engine that 
incorporates the architecture of a helicon plasma source to create the discharge plasma.  
Likewise, while magnetically shielded anodes have be n used in standard ion engines, 
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this is the first use of one in conjunction with a helicon plasma source.  The presence of 
the grids separates the ionization and ion acceleration processes and allows individual 
evaluation of the two. 
As a result of the GHIT’s unique design, the second contribution this work presents is 
an accurate estimation of the discharge efficiency of a helicon plasma source.  Generally 
such calculations are difficult to perform, as it requires measurement of the beam current.  
While such measurements can be done using a Faraday probe, discussed in Chapter V, 
they are often inaccurate and lead to high uncertainties.  The use of grids on the GHIT 
restricts ion and electron flow such that the beam current can be accurately measured 
using grid and anode currents.  These currents, in addition to measurements of the plasma 
density and potential structure, allow for accurate modeling of the discharge efficiency 
and ion production cost of the helicon plasma source. 
The final contribution of this work is a 2-D mapping of the plasma characteristics of a 
helicon plasma inside the discharge chamber and in the plume, as well as the 
determination of the primary ion acceleration mechanism in a single-stage helicon 
thruster.  Ions are found to be primarily accelerated across a decrease of the plasma 
potential as the plasma expands downstream of the thruster.  Radial electric fields result 
in high beam divergence.  In addition, conical regions of high plasma potential form off 
of the discharge chamber wall at higher magnetic fields that cause the ions to oscillate 









There are four primary sections to this dissertation: background material (Chapters II 
and III), presentation of thruster configurations, facilities, and diagnostics (Chapters IV 
and V), performance evaluation and analysis of the EHT (Chapters VI and VII), and 
performance evaluation and analysis of the GHIT (Chapters VIII and IX). 
Chapters II and III provide a brief review of the material to familiarize the reader with 
the subjects discussed in this work.  Chapter II covers helicon plasma sources, helicon 
wave propagation, coupling modes, and the potential ion acceleration mechanism of the 
double layer.  Chapter III gives a brief review of i n engines, plasma sheaths, gridded ion 
optics, and calculation of the discharge efficiency. 
Chapters IV and V present the design and operation of all experimental hardware 
used in this work.  Chapter IV details the design of the two thruster configurations 
studied, including the helicon plasma source common between the two and the 
components added to convert the EHT into the GHIT, as well as a performance model for 
the GHIT.  Chapter V describes the vacuum facilities used to conduct the experiments, as 
well as the diagnostics used to characterize the two thrusters.  Review of each diagnostic 
instrument includes a summary of the general theory, specifications of the construction, 
instructions on operation, and calculation of the uncertainty. 
Chapters VI and VII present the performance evaluation of the EHT and analysis of 
the ion acceleration, while Chapters VIII and IX present the same for the GHIT.  Chapter 
VI entails overall EHT performance such as thrust, specific impulse, beam divergence, 
and ion energy, as well as 2-D spatial mapping of the helicon plasma characteristics.  
Chapter VII covers the analysis of the ion energies, as well as the effects of the plume 
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electric field on the ion trajectories at different magnetic fields.  Chapter VIII contains the 
discharge analysis of the GHIT to determine density and temperature, as well as a study 
of the ion optics as a function of the operating conditions.  Plume divergence and thrust 
are also measured.  Chapter IX presents several modifications that can increase the 
performance of the GHIT.  An analysis of the discharge efficiency is also performed. 
Finally, Chapter X compares the two thruster configurations and suggests several 












As the aim of this research is to evaluate the ion acceleration capability of helicon 
thrusters, the helicon plasma source is a fundamental component.  In both engine 
configurations it generates the ions utilized to create thrust, and for the EHT it is also the 
source of the ion acceleration.  Therefore, an understanding of the physics of a helicon 
plasma source is required to properly design, operate, and characterize either thruster 
configuration.  This chapter serves as an introduction o the four key areas of helicon 
source design and operation.  The first section provides a definition of helicon waves, a 
description of a helicon plasma source, and a summary of helicon wave propagation.  The 
second section covers energy deposition of RF waves into a plasma, the various coupling 
modes between the antenna and the plasma, and the transitions between modes.  The third 
section describes Trivelpiece-Gould waves and the potential implications to helicon 
plasma sources.  The fourth section discuses electrodeless helicon thrusters and the 
current-free double layer as the assumed ion acceleration mechanism. 
 
2.1 Helicon Waves 
 
2.1.1 Definition of Helicon Waves 
There are many types of waves that can propagate throug  a plasma, such as plasma 
waves, electrostatic waves, electromagnetic waves, and ion acoustic waves.32  One subset 
of electromagnetic (EM) waves is called a whistler wave, which is a right-handed, 
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circularly polarized wave that has a frequency much less than the electron cyclotron 
frequency.  Helicon waves are bounded whistler waves that have a frequency above the 
lower hybrid frequency such that the electron gyration is neglected and electron motion 
consists only of the motion of the guiding center.3  The imposition of a radial boundary 
condition by the discharge chamber wall changes the nature of the helicon wave from 
electromagnetic to partially electrostatic.4  Plasma sources that use helicon waves for 
ionization are capable of efficiently creating high density, uniform plasmas in low 
pressure conditions without direct contact of the electrodes to the plasma.3-9   
 
2.1.2 Helicon Plasma Source 
A helicon plasma source consists of several components: a discharge chamber, an 
antenna, and a DC magnetic field source.  Figure 3 shows a diagram of the helicon 















2.1.2.1 Discharge Chamber 
The discharge chamber is generally an insulating cylinder open at one end and closed 
at the other except for a propellant inlet.  The insulating walls contain the plasma radially 
while allowing the RF waves to penetrate into the plasma.  The size of the discharge 
chamber generally sets the axial length of the RF antenna used, and thus the wavelength 
of the helicon wave propagated.  The diameter of the discharge chamber also affects the 
transition from capacitive coupling to inductive coupling, more of which will be 
discussed later. 
 
2.1.2.2 RF Antenna 
The antenna is a conductor wrapped around the exterior of the discharge chamber, 
generally made of copper.  Four common types of antennas, shown in Figure 4, that are 
used in helicon research are: three Nagoya type III configurations (straight, right 180º 
helical, and left 180º helical) and the double saddle antenna.  The different antenna 
configurations excite different helicon wave modes.  Straight Nagoya III antennas excite 
the m = 0 mode; the right and left Nagoya III antenas excite the m = 1 and m = -1 
modes, respectively;33 and the double saddle antenna excites either the m = 0 or the m = 1 





Figure 4. Helicon antenna configurations.  (a) Nagoya III, (b) Nagoya III R, (c) Nagoya III L, (d) 
Double Saddle.  Current paths of the antennas are denoted by the arrows. 
 
2.1.2.3 DC Solenoids 
The DC magnetic field is supplied by two or more solen ids placed around the 
discharge chamber.  The DC magnetic field serves to restrict electron radial mobility and 
direct the plasma towards the outlet of the discharge chamber.  Reducing radial electron 
mobility is generally desired to limit wall neutralizations, as this is a loss mechanism that 
reduces the efficiency of the plasma discharge.  In addition, the helicon wave requires the 
presence of an axial DC magnetic field in order to pr pagate. 
 
2.1.3 Helicon Wave Propagation 
The propagation of the helicon wave is determined from the dispersion relation of the 
wave.  The dispersion relation relates the longitudinal wave number of the helicon wave, 
k, to the plasma density, n0, DC magnetic field strength, B0, RF angular frequency, ω, 
discharge chamber radius, a and the mode number of the wave, m.  The dispersion 
relation for a uniform density plasma column with electron mass neglected is given 
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below in Equation (2.1) with a full derivation in Appendix A, which describes the 





























   (2.1) 
 
A helicon wave, like all other EM waves, contains an electrostatic and a magnetic 
component.  For the simplest case where the electron mass is neglected, the axial electric 
field is zero and the radial and azimuthal electric fields are related to the magnetic fields 










θ −=                (2.3) 
 
At each point the magnetic field is orthogonal to the electric field.  The magnetic field 
components are given by Equations (2.4) and (2.5), 
 
( ) ( )TrJCTrJCB mmr 1211 −+ +=
r
   (2.4) 
( ) ( )TrJiCTrJiCB mm 1211 +− −=θ
r
     (2.5) 
 
where C1 and C2 are constants, T is the transverse wave number, r is the radial distance 
from the centerline axis of the discharge chamber, and J is Bessel’s function of the first 
 
17 
kind of order denoted by the subscript.  Substitution of Equations (2.4) and (2.5) into 
(2.2) and (2.3) results in the components of the electric wave. 
 
( ) ( )( )TrJCTrJC
k
i
E mmr 1211 +− −=
ω
           (2.6) 
( ) ( )( )TrJCTrJC
k
E mm 1211 −+ +−=
ω
θ            (2.7) 
 
Since these functions describe waves, the values of the ield strengths oscillate in space 
and time.  Equations (2.4) through (2.7) describe the amplitude of each wave component; 
the time-dependent value of each wave is defined by the real component of the 
exponential perturbation.  Thus E and B can be described by Equation (2.8).33 
 
( )tkzmifef ωθ −+=          (2.8) 
 
In general there are only three mode numbers of interes , m = -1, 0, 1.  Mode numbers 
beyond this range are often difficult to generate and re not as efficient for plasma 
production as the other three modes.  For the m = ± 1 modes, the field patterns do not 
change with position but rather with the value of k/α.  The field shapes of the m = ± 1 
modes are shown in Figure 5.  As the wave propagates down the axis of the device, the 
wave pattern rotates in the positive θ direction for m = 1, and the negative θ direction for 








Figure 5. Cross section of the field structure of helicon wave in for (a) m = 1 and (b) m = -1 modes.  
Solid lines denote magnetic field lines, dotted lines denote electric field lines.33  
 
In contrast, the wave shape in the m = 0 mode changes along the axis of propagation.  
When the quantity (kz – ωt) is zero, Er vanishes and the wave becomes purely magnetic.  
When the quantity equals π/2, the field becomes purely radial and the wave is 
electrostatic.  For other values, both qualities exist and the wave structure is spiral.  
Figure 6 shows the progression of these structures as the wave propagates down the axis 





Figure 6. Electric field structure of m = 0 mode.3 
 
2.2 Energy Deposition 
 
2.2.1 Overview of Wave Coupling Modes 
The formation of a plasma in a helicon source consists of several steps, as there are 
several coupling modes of plasma operation that are possible.9-34  In the first mode, the 
RF wave is called a capacitively coupled plasma (CCP), where the electrostatic field 
generated between the leads of the antenna strip electrons from the propellant gas.  The 
electric field accelerates these free electrons which then collide with other neutral species 
to cause additional ionization.  This process is predominantly driven by the voltage drop 
between the electrodes of the antenna (a product of the power transmitted through the 
antenna) and thus creates only a low density plasma focused at the edge of the 
containment vessel.35   
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 The second mode occurs when the oscillating magnetic field from the antenna 
couples to the plasma current, creating an inductively coupled plasma (ICP).  The 
antenna thus induces current oscillations within the plasma that deposit energy into free 
electrons.  ICPs have a higher plasma density than CCPs though the plasma is still 
focused at the edge of the containment vessel where t  majority of the wave energy is 
absorbed.34  In an ICP plasma only the radial and azimuthal comp nents of the RF 
magnetic field couple to the plasma, while the axial component cannot penetrate into the 
plasma. 
The final mode, the helicon wave mode, is characterized by the RF wave coupling to 
the helicon wave propagating down the axis of the device.  Plasmas heated by helicon 
wave coupling differ from CCPs and ICPs by having the density profile peak at the 
center, rather than at the walls.  This results in a radial density profile that is parabolic in 
appearance with a peak in the center.  Figure 7 shows a graphical comparison of the 































Figure 7.  Qualitative radial ion density profiles in a cylindrical plasma chamber for a CCP, an ICP, 
and a helicon plasma.   CCP and ICP tend to have higher densities near the wall, while the helicon 
mode peaks along the centerline. 
 
Originally it was thought that the power deposition mechanism was Landau 
damping.3,4,37-39  Landau damping is a collisionless process where a wave interacts with 
particles that have similar energy as the wave.  Forparticles with slightly more energy 
than the wave, the wave gains energy at the expense of the particles; for particles with 
slightly less energy than the wave, the particles gain energy at the expense of the wave.  
Since electrons in a helicon plasma generally have a Maxwellian distribution, more of the 
electrons have low energies than high.  Thus the RF wave couples to and drives the 
helicon wave, which is damped by the plasma through Landau damping, depositing the 
RF power into the plasma. 
While the above theory about Landau damping was the dominant explanation for the 
efficient operation of the helicon for over ten years, it is now thought Landau damping is 
insufficient to explain the high energy deposition rate in helicon plasmas.  Recent work 
shows that electrons accelerated by Landau damping are too sparse to explain the high 
ionization rate.40  Equations (2.1) through (2.7) are derived under the assumption that the 
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electron mass is negligible.  This requires that Ez is equal to zero, which is not satisfied 
during operation.  There are two approaches to corret this: the first is to allow for finite 
electron mass while enforcing the zero Ez condition, called the transverse electric (TE) 
approximation; the second approach is to allow finite electron mass and a nonzero Ez, 
which gives rise to radial electrostatic waves, called Trivelp ece-Gould (TG) waves.41      
 
2.2.2 Coupling Mode Transition 
The transition from one coupling mode to another occurs when conditions within the 
plasma change the dominant mechanism for power deposition between the antenna and 
the plasma.  These different modes are reached sequentially as the plasma forms and the 
transitions between them can be described by threshold  in the device operating 
parameters. 
 
2.2.2.1 CCP and Plasma Ignition   
The first transition is the ignition of a neutral gas to a CCP.  Prior to ionization, the 
propellant gas acts as a dielectric medium, which will not attenuate the RF wave and thus 
no energy will be absorbed.  Suppose a free electron enters a region of an oscillating 
electric field produced by the antenna.  The electron undergoes successive cycles of 
acceleration and deceleration as the electric fieldoscillates with time.  The time-averaged 
result is that the electron gains no net energy (excluding the case of an electron cyclotron 
wave).  However, if the electron collides with a neutral atom before the electric field 
reverses energy is transferred from the electric field to the gas.  Therefore energy is only 
deposited if the electron-neutral mean free path is les  than the distance the electron 








=      (2.9) 
 
where σ is the collision cross section and 0 is the number density of the species the 
electron is colliding with (in this case neutral atoms).  The neutral number density can be 
related to the pressure using the Ideal Gas Law, 
 
Tknp b0=      (2.10) 
 
where T is the temperature of the gas and kb is Boltzmann’s constant.  The probability of 
an electron colliding with a neutral within a certain distance, x, is as follows. 
 
( ) λxexf −−= 1           (2.11) 
 
Substituting Equations (2.9) and (2.10) into (2.11) yields a relation between the 













exp1               (2.12) 
  
It is seen from Equation (2.12) that there is a pressure dependence of the ability to 
ignite a plasma from a neutral gas.  One requirement for ignition is that the neutral 
pressure is above some minimum threshold.  It is possible to reduce this threshold by 
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increasing the power of the wave propagated by increasing the voltage across the 
antenna, and thus the electric field.  As the electric field increases, the probability of 
electron field emission from neutral atoms increases, which also increases the amount of 
free electrons, and thus the amount of energy absorption.  Full ignition occurs when a 
sufficient number of free electrons exist such thate energy absorbed from the incident 
wave balances the energy lost due to wall collisions or ion-electron neutralization 
collisions.   
 
2.2.2.2 ICP  
While a CCP attenuates some of the RF wave to absorb energy, most of the wave is 
still transmitted through the plasma.  Transition t an ICP occurs when the majority of the 
RF wave is absorbed by the plasma.  Treating the plasma as a simplified conductor, as the 
gas is progressively ionized, the conductivity σ, of the plasma increases, which means the 





1=        (2.13) 
 
where f is the frequency of the RF wave and µ is the permeability of the medium (in this 
case the plasma).  The skin depth is a measure of how far through the medium the wave 
penetrates before it is absorbed.  Quantitatively, after a distance of δ into the plasma the 
amplitude of the electric and magnetic fields have decreased by a factor of 1/e (36.8%).  
However, a helicon plasma is not a simple conductor and is neither homogenous nor 
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isotropic, which means the conductivity and permeability are no longer scalar.  A more 








         (2.14) 
 
where c is the phase velocity of the RF wave, ω is the RF angular frequency, and ωp is 


















ω         (2.15) 
 
where ε0 is the permittivity of free space and me is the mass of an electron.  The plasma 
frequency describes sinusoidal oscillations of electrons around an equilibrium position in 
a plasma relative to the ions.  These oscillations ari e from perturbations in the plasma 
displacing the electrons from the equilibrium positi n and the restoring electric field 
causing the electrons to overshoot the equilibrium position, shown in Figure 8.  The 
plasma frequency is not dependent on the wave number, which means dω/dk (the group 
velocity) is zero.  Therefore, in the absence of collisi ns, this characteristic plasma 








Figure 8.  Diagram of plasma oscillations 
 
Returning to the previous discussion, once the skindepth is the same order as the 
diameter of the plasma column, the magnetic fields generated by the antenna induce 
oscillating currents in the plasma.  As additional free electrons become available, a 
positive feedback loop occurs, which increases the plasma density until the entire RF 
wave is absorbed by the plasma.  This marks the transi ion to the inductive mode. 
 
2.2.2.3 Helicon Mode 
The transition to helicon mode does not yet have a cle r demarcation due to the 
ambiguities in the coupling mechanism.  A commonly used definition for the transition to 
helicon mode is when the wavelength of the helicon wave is on the order of the length of 
the antenna, or equivalently of the device itself.8,34  However, if the primary power 
coupling mechanism is not related to the helicon wave but to something else, such as TG 
waves, then this criteria would be inaccurate.  Thus, before any meaningful exploration of 






2.3 Trivelpiece-Gould Waves 
 
2.3.1 Boundaries, Collisions, and the Rise of Trivelpiece-Gould Waves 
Whistler waves are classified as unbounded electromagnetic waves, yet for plasma 
sources an unbounded geometry is impossible.  The primary impact of a radially bounded 
system is it changes the structure of the waves propagating in the device.  Past work by 
Trivelpiece and Gould (for whom the TG waves are named) found that the presence of a 
radial boundary caused the propagation of radial spce-charge (aka electrostatic) waves 
to occur.43  This becomes particularly important when the radial boundary is insulating 
(as is common with most helicon plasma sources) as it imposes a boundary condition in 
which the radial current vanishes.  In order for this to be possible, a second wave must 
arise at the edge of the plasma that cancels out the radial current at the plasma boundary – 
the TG wave. 
To begin an investigation into the nature of TG waves, one must first remove two 
erroneous assumptions: zero axial electric field anzero electron mass.  As a result, 
electrons can now carry and transfer RF energy.  The mechanism for this energy transfer 
is the collisions of electrons with other electrons, a  well as with neutrals and ions.  
Electron collisions change the physics of the plasma in several ways; first, the form of 
Ohm’s Law changes in the derivation of the helicon dispersion relation.  The use of this 
modified Ohm’s Law, (derived in Appendix B) brings about an interesting scenario.  
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νωγ +=      (2.18) 
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where νe is the collision frequency of an electron in the plasma and ωc is the electron 
cyclotron frequency.  While α corresponds to the wave number derived from the 
collisionless plasma derivation, γ is a collisional damping term, and ωc is the electron 
cyclotron frequency.  The electron cyclotron frequency is the frequency electrons will 
gyrate on a magnetic field line. 
A more thorough exploration into the two solutions is done in Appendix B.  As a 
quick summary, the first solution corresponds to the helicon wave, while the second 
represents a radial electrostatic wave - the TG wave.  The operating conditions of the 
plasma itself determine whether the helicon wave and/or the TG wave can propagate.  
 
2.3.2 Propagation Conditions  
In order to examine the boundaries for which each wave can propagate, the 
assumption of a collisionless plasma is resumed.44,45  With that assumption, the wave 
number β must be a real number.  The wave number is composed f two components: the 
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longitudinal component, k, which is parallel to the magnetic field, and the transverse 
component, T, which is orthogonal to the magnetic field.   
 
222 Tk +=β       (2.20) 
 





π∝              (2.21) 
 
If both the longitudinal and the total wave numbers are real, it follows that the transverse 














      (2.22) 
 
Equation (2.22) reveals that there are two requirements that must be met for the 
transverse wave number to be real.  First, the discriminant must be positive, and second, 
is that the right hand side of the equation be positive. 
 











               (2.24) 
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Solving for the case of the helicon wave and substituting in Equation (2.18) for γ, the 






              (2.25) 
 
The second requirement is found by taking a first order Taylor approximation of the 
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Since the electron cyclotron frequency is much greater than the driving frequency while 
α is of a similar order to k, Equation (2.27) can be considered always true.  Thus while 
the helicon wave has two requirements for propagation, he TG wave only has one. 






























ωωβ =          (2.30) 
 





0 ≤α             (2.31) 
10 ≤β                        (2.32) 
 
Helicon wave propagation requires fulfillment of both requirements, while a TG wave 
only needs to satisfy Equation (2.31).  These conditions create boundaries for regions of 
wave propagation in the space of plasma density and magnetic field strength for a fixed 
axial wave number and angular frequency.46  Figure 9 shows a qualitative illustration of 






















Plasma opaque to both 
helicon and TG waves
α0 > ¼
 
Figure 9. Wave propagation map for fixed k and ω.46 
 
2.4 Electrodeless Helicon Thruster 
 
While the helicon plasma source has mostly been studied as an ion source for various 
applications, there is growing interest in its use a  an electrodeless thruster.   One of the 
primary limiters to thruster lifespan is electrode erosion, so a thruster configuration with 
no electrode would conceivably have an unlimited lifespan.  The primary concern with 
such a design would be whether the thruster has paramet ic control of the ion energy.  
Most electrostatic thrusters use electrodes in contact with the plasma to create a drop in 
electric potential that accelerates the ions.  In co trast, the most likely ion acceleration 
mechanism for the electrodeless thruster is the double layer.  Thus, the electrodeless 
configuration is reliant on passive control of the ion acceleration using variation of the 
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operating conditions.  Therefore, the performance of the thruster is dependent on how the 
double layer mechanism responds to changes in operating conditions.  
 
2.4.1 Double Layers 
  The next chapter introduces the topic of plasma sheaths, which describe the 
interaction between a plasma and a boundary, such as an insulating wall or a conductive 
electrode.  At this boundary, a thin region of the plasma shifts in potential to maintain net 
zero charge flux out of the plasma.  If, instead of a wall or electrode, the boundary is 
another plasma at a different potential, then a double-sided sheath would form as thin 
regions of both plasmas adjust their potentials.  This double sheath, also known as a 
double layer, creates a continuous transition of the potential between the two plasmas.   
In such a system there are four main particle groups: high potential ions and 
electrons, and low potential ions and electrons.  The high potential ions and low potential 
electrons are accelerated by the double layer and pss into the other plasma.  In contrast, 
the low potential ions and high potential electrons do not have the energy to pass the 
potential barrier and are trapped.  In most cases th e trapped populations have some 
finite temperature and thus have some particles from the high energy tail of the 
distribution that can pass through the double layer freely.  A qualitative illustration of a 


























Figure 10. Double layer structure.11 
 
Assuming that the free portion of the trapped ions a d electrons is negligible, quasi-
neutrality breaks down within the double layer, as the ion and electron current flux differs 






jj =      (2.33) 
 
This is often the case when the double layer occurs in a current driven device, where a 
current source is located on one side and a current sink on the other.  A classic example is 
a cathode placed upstream of a constriction of the discharge chamber.  Inside this 
constriction the ion loss rate to the walls is greater than in the larger section of the 
chamber.  Therefore in order to maintain quasi-neutrality, a sheath must form between 
the two regions to impart additional energy to electrons to increase the ionization rate.47 
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Another type of double layer is the current-free double layer, which does not have 
any net current passing through the system and thus doe  not violate quasi-neutrality.  
This would arise in situations where one side of the double layer does not have any net 
current sources or sinks.  Therefore in steady state, the net current flow through the 
sheath for this one side must be zero.  A helicon plasma source is an example of such a 
device; the discharge chamber consists of only the insulating wall, the inlet, and the 
outlet.  Since the inlet carries only neutral gas, nd the wall cannot accept a non-zero 
current as it is floating, then the outlet must also pass zero net current.  If the helicon 
plasma is expanding out of the inlet into a lower dnsity plasma, then a double layer 
should form at some point downstream of the exit plane and likewise have no net 
current.11  Such a double layer would have the high potential ions limited by ambipolar 
diffusion in order to accelerate additional high potential electrons through the potential 
barrier.  Similarly, low potential electrons would accelerate trapped ions into the double 
layer.  A net mass flow exists if the energy of therapped electrons of the high potential 
plasma exceeded the energy of the trapped ions of the low potential plasma, allowing 
more ion-electron pairs from the high potential plasm  to pass through the double layer 
than from the low potential plasma.   
 
2.4.2 Ion Acceleration and Propulsive Applications 
Recent work has investigated performance of electrodeless helicon thrusters by 
measuring the ion energy profiles of the ion beam11-16 and direct thrust measurements.17-
20  These works measured beam voltages that ranged from 15-30 V and no greater than 5 
mN of thrust.  However, these works were primarily at single operating conditions and 
did not examine the plasma characteristics in detail.  Thus, it remains to be seen what the 
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parametric effects are of operation and how the operational behavior of the thruster varies 
at different operating conditions.   
The two key requirements to the efficacy of a thruster are its performance and the 
controllability of that performance.  For an electrodeless double layer thruster, this infers 
that beyond providing adequate performance in the metrics of thrust, specific impulse, 
and efficiency, the device must also demonstrate the ability to alter these metrics through 
the variation of the operating conditions.  For an electric propulsion device, a critical 
control parameter is the amount of energy deposited into each ion.  The ion energy 
determines exit velocity, which contributes to thrust and specific impulse.  Furthermore, 
since the primary thrust generation mechanism is the acceleration of ions, control of the 
ion trajectory is equally important.  Should the elctrodeless thruster lack control over 
either of these two mechanisms, it would be ineffectiv  as a propulsive unit.  Therefore 
the metrics for evaluating an electrodeless thruste ar  the values and controllability of 




To conclude, the helicon plasma source is an ion source that functions by coupling 
RF power in the antenna to the plasma electrons.  This process is dependent on the 
following operating parameters: axial magnetic field strength, RF power, RF frequency, 
propellant flow rate, and discharge chamber geometry.  The first four parameters can be 
varied during operation, and thus are the parameters that will be used during testing to 
control EHT performance.  Since the GHIT utilizes a helicon plasma source as an ion 
 
37 
source, these parameters are also a subset of the control parameters of the two-stage 
thruster configuration as well.   
The two functions of the helicon plasma source to be evaluated are ion production 
and ion acceleration.  The characteristics of the helicon plasma source that describe its 
performance as an ion source are the ion number density and electron temperature.  The 
presumed ion acceleration mechanism is the current-f e double layer, which can be 
measured as a change in plasma potential through the plasma expansion plume.  Thus, the 
characteristic of interest for ion acceleration is a patial map of the plasma potential.  The 
measured change in plasma potential can then be compared against direct measurement 












While the first helicon thruster configuration is es ntially a helicon plasma source 
alone, the second configuration utilizes metallic grids to extract ions from the helicon 
plasma inside the discharge chamber and accelerate them to produce thrust.  This 
separates ion acceleration and ionization into two distinct stages that can be individually 
examined.  Ion acceleration is performed by the grids, which extract the ions from 
discharge plasma through a plasma sheath that forms ff the grids.  The ions are 
accelerated as they pass through this grid sheath and form an ion beam downstream of the 
grids.  The grids also force an equal number of electrons to be collected at the thruster 
anode, and since the grids prevent electron backstreaming, this allows for an accurate 
measurement of the ion beam current.  With the beam current accurately known, a model 
of the thruster discharge chamber can be used to determine the ion production cost. 
This chapter gives a brief overview of ion engines and the physics of ion extraction.  
The first section presents a brief history of ion engines and how they operate.  The second 
section reviews the physics of plasma sheaths and how t ey interact with the grids and 
the discharge plasma.  The third section details how ion engine discharges operate, both 
DC and RF.  A model of ion engine discharge efficien y is presented as a means to 
calculate the ion production cost.  This value serves as a performance metric to evaluate 




3.1 Overview of Ion Engines 
 
Ion engines are a subtype of electric propulsion thrusters that utilize electrostatic ion 
acceleration to produce thrust.  What distinguishes ion engines from other electrostatic 
thruster configurations is that ion engines use gridded ion extraction rather than bulk 
plasma acceleration.  There are two main consequences to such an approach.  The first is 
extraction of a non-neutral plasma through gridded apertures is limited by the repulsion 
of similarly charged species.  This effect is called the space-charge limitation and defines 
a maximum ion current that can pass through an aperture for a given geometry and set of 
operating conditions.   
The second consequence of using gridded extraction is the ionization and acceleration 
stages of the thruster are distinctly separated.  As a comparison, in a Hall effect thruster 
the propellant is ionized by an electron current confined in the downstream portion of the 
discharge channel.  The location of this Hall current overlaps the region where the 
electrostatic potential decreases, causing the ionization and acceleration regions to merge 
slightly.  It is advantageous to separate these two stages, as it allows for individual 
optimization of each stage, as well as avoiding the risk of propellant ionization occurring 
partially through the acceleration region and only gaining a fraction of the total energy. 
Ion engines are composed of three primary components: the discharge chamber, the 
grid assembly, and the neutralizer cathode.  The function of the discharge chamber is to 
ionize the propellant and serve as the ion source for the engine.  The grid assembly then 
extracts ions produced in the discharge and accelerat s them to generate thrust.  The 
purpose of the neutralizer cathode is to emit electrons to neutralize the ion plume.  As 
previously mentioned, grid assemblies only extract ions from the discharge, which 
 
40 
necessitates a pathway for the electrons to exit the discharge and rejoin the plume to 
avoid a buildup of electric charge on the spacecraft.  Figure 11 shows a schematic of an 



























Figure 11. Ion engine schematic. 
 
While the concept of electric propulsion dates back to 1906 with Robert Goddard and 
independently in 1911 with Konstantin Tsiolkovsky, the first ion engine was only 
developed in 1959 by Dr. Harold Kaufman.1  The early ion engines used cesium or 
mercury as a propellant due to the low ionization cst and high mass.  Over time the 
design was altered to use less reactive propellants, such as xenon.  Several other 
modifications made over the evolution of the ion engine include: replacing the axial 
confinement magnetic field with a cusp field geometry, a three-grid assembly that used a 
domed architecture, and the semi-conical discharge chamber shape shown in Figure 11.  
Commercial use of ion engines began in 1997 with the launch of a Hughes Xenon Ion 
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Propulsion System (XIPS), while NASA launched the first deep-space mission using an 
ion engine in 1998 on Deep Space 1.  Since then there has been a rapid increase in the use 
of ion engines, such as the 25 cm XIPS shown in Figure 12, and Hall effect thrusters on 




Figure 12. Photograph of 25 cm XIPS thruster.1  
 
3.2 Electrostatic Gridded Ion Acceleration 
 
Ion engines generate thrust by accelerating ions through an electric field generated by 
a set of biased grids.  The force on the spacecraft is the reactive force of the electric field 
on the grids as they accelerate the ions.  Thus, the three primary functions of the ion 
engine are to: create ions in the discharge chamber, ext act ions from the discharge 
plasma at the grids, and accelerate the ions to create thrust.  In this section, the extraction 
and acceleration of ions are discussed, while ionization and the discharge plasma are 
covered in Section 3.3.  One of the key design considerations with electrostatic grids is 
that the grids extract ions through a plasma sheath.  Additionally, the size and placement 
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of this sheath affects the ion trajectory in the grid and defines the ion optics of the grids.  
Therefore, a thorough consideration of the plasma sheath formation is required in ion 
engine design. 
 
3.2.1 Plasma Sheaths 
The basic function of a gridded ion accelerator is to extract ions from a plasma using 
a biased electrode.  If the ion extraction electrode is at a lower electric potential than the 
plasma potential, ions are accelerated along the electric field lines and can be exhausted 
from the engine to produce thrust.  There is a tempation to view the plasma-electrode 
from a fluid mechanics analogy: the potential difference between the plasma and the 
extraction electrode is the pressure head, the extracted ion plasma is the fluid flow, and 
the electrode geometry is the pipe geometry.  From that viewpoint one could say that 
increasing the potential drop between the plasma and the extraction electrode should 
increase the ion current.  However, this statement is incorrect as it erroneously assumes 
the bulk plasma and the extraction electrode have any direct interaction.  
Suppose there is a volume of plasma with some arbitr y boundary, shown in Figure 
13.  In the interior region of the volume, quasi-neutrality requires that the electron 
number density be equal to the ion number density.  At the boundary there will be 
diffusion of both charged species out of the volume.  The ratio of the fluxes of electrons 

























=                  (3.1) 
 
Equation (3.1) assumes the plasma is in thermal equi ibri m and that ion temperature is 
equal to electron temperature.  However, in most plasma discharges, especially those 
used in ion engines, energy deposition is primarily focused on electrons rather than ions.  
Furthermore, the residence time and ion-electron collision frequency is sufficiently low to 
prevent thermal equilibrium between the ions and electrons.  Therefore, ion temperature 
is often much lower than the electron temperature fo  both DC48 and helicon49 discharges.  
Thus, the velocity of the electrons and the current flux out of the plasma volume is much 
higher than that of the ions.  This would result in a buildup of positive charge within the 
plasma as electrons exit the volume at a faster rat.  Therefore, in order for there to be a 
steady-state quasi-neutral plasma, a boundary conditi  must exist that reduces electron 
velocity and increases ion velocity at the boundary.   
Now suppose this plasma volume is contained by an insulating wall.  Initially the 
electron flux into the wall is higher than the ion flux, which leads to an accumulation of 
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negative charge on the wall, creating a potential difference between the wall and the bulk 
plasma.  The parameter φ describes the difference in potential from one point to the 
potential in the bulk plasma.  The convention adopted here is that φ is zero at the plasma 
potential, Vp, which means φ will generally be negative.  As the wall potential decreases, 
it begins to accelerate ions and repel electrons.  A length scale for this effect is called the 

















ελ           (3.2) 
 
where Te is the electron temperature of the plasma and ε0 is the permittivity of free space.  
Assuming that the ions at the plasma potential have negligible velocity, the ions must be 
accelerated to at least the Bohm velocity, defined i  terms of the electron temperature and 






v =         (3.3) 
 
Under the convention where the sheath edge is the location at which the ions have 





















Figure 14. Wall sheath structure. 
 
Outside the plasma sheath the plasma is still quasi-neutral; therefore the plasma density at 















        (3.5) 
 
Here it is assumed that the electrons have a Maxwellian energy distribution.  Substituting 















enj       (3.6) 
 
The electron current density is determined in a similar fashion, but uses the RMS value of 

































0           (3.7) 
 
In order for a steady state solution to exit, the ion and electron fluxes into the sheath 
















kT πφ 261.0ln       (3.8) 
 
For sheaths with a thickness on the order of the Debye length, called Debye sheaths, 
it is assumed the potential drop across the sheath is small compared to the electron 
temperature.  This assumption allows for a finite el ctron flux into the sheath, and is 
typically employed where electrically floating surfaces are used.  Another case is when 
the potential drop across the sheath is much larger than the electron temperature, which 
causes the electron flux to become negligible according to Equation (3.7).  Sheaths of this 
type are called Child-Langmuir sheaths.  The maximum ion flux through a Child-






















=                 (3.9) 
 
where le is the sheath thickness.  Since no electrons pass through the sheath, Equation 
(3.9) also describes the total current density through the sheath.   
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If no assumptions are made, a general equation describing the sheath can be found 
using Poisson’s equation in one dimension, which is done in Appendix C.  Regardless of 
the assumptions chosen, a plasma sheath will form between the bulk plasma and the 
surface of any disturbance, such as an electrode.  Ions will enter the sheath at a rate 
largely independent of the potential between the plasma and the electrode, although the 
electron current is a function of this potential drop.  Since it is within the sheath that ions 
are accelerated, the sheath is the region of interest when designing extraction electrodes 
for ion engines.  These electrodes, and the focusing and acceleration of the ions, is called 
ion optics.   
 
3.2.2 Ion Optics 
The most common ion extraction electrode is a grid, as it offers both high ion 
transparency and small apertures that can be sized to match the plasma sheath.  Most ion 
extractors consist of two grids: the screen grid anthe acceleration (accel) grid.  The 
accel grid is the actual extraction electrode with which the plasma sheath interacts.  The 
screen grid is biased slightly below the plasma potential and shields the accel grid from 
any ions that are not aligned properly with the accel grid apertures.  Ions exiting the grids 
occasionally collide with neutral atoms in charge-exchange collisions.  These collisions 
result in low energy ions that are accelerated back towards the accel grid and cause 
sputtering of the grid.  A third grid, the deceleration (decel) grid, is often placed 
downstream of the accel grid to shield the accel grid from these charge-exchange ions in 
much the same manner as the screen grid.  In this study the decel grid is neglected for 
simplicity.  Figure 15 shows a qualitative diagram of a three-grid setup and the 
corresponding electric potentials through the grid assembly. 
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Figure 15. Example of a three-grid configuration and electric potentials. 
     
The ideal configuration of the two-grid setup is to have the sheath between the accel 
grid and the bulk plasma and extend just past the screen grid apertures.  This prevents any 
ions that are misaligned from accelerating along the electric field and striking the accel 
grid, causing erosion.  Once past the accel grid, the ions return to the plasma potential of 
the plume, which means the total acceleration voltage is set by the potential difference 
between the discharge plasma and the space potential, ot the difference in grid 
potentials.  The potential difference between the grids is the total potential drop through 
the sheath and thus sets the maximum current density tha  can pass through.  Since the 
potential difference between the accel grid and the discharge plasma is generally very 
large compared to the electron temperature, the sheath around the grid is a Child-
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Langmuir sheath.  The current density is therefore comprised solely of ion flux.  




























      (3.10) 
 
where Vs and Va are the screen and acceleration grid potentials.  When designing the grid 
assembly, the goal is to match the sheath thickness, le, with the actual distance between 
the grids.  Since the sheath will form a slight dome as it extends past the screen grid 








tll ++=            (3.11) 
 
where lg is the distance between grids, ts is the grid thickness, and s is the aperture 














Figure 16. Effective sheath approximation. 
 
The design of a two-grid system for a given discharge chamber focuses on four 
design parameters: the screen grid aperture diameter, the accel grid aperture diameter, the 
grid thickness, and the distance between the grids.  The screen grid aperture diameter has 
a maximum value of an order of magnitude higher than t e Debye length.  The accel grid 
aperture diameter and the grid separation distance re not as clearly defined and require 
simulation to determine.  The ions are aligned by the screen grid to pass through the accel 
grid apertures, and the electric field between the two grids focuses the ions, allowing the 
accel grid apertures to be smaller than those of the screen grid.  The ion focusing creates 
a duality of the grid transparency: for ions the transparency is determined by the screen 
grid, while for neutrals the transparency is set by the accel grid.  Therefore, it is 
advantageous to maximize the transparency of the scr en grid while minimizing the 
transparency of the accel grid and prevent neutrals f om escaping.  However, there is a 
lower bound to the accel grid aperture diameter, otherwise high energy ions will collide 
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with the grid and erode the material.  Similarly, the optimum distance between the grids 
is smaller than the screen grid aperture diameter with a minimum separation of 1 mm per 
2.4 kV of potential difference between the grids to prevent electric breakdown and arcing 
between the grids. 
Thus far the only potential difference used has been th  difference in potential of the 
two grids.  There is another potential to consider: the plasma potential of the discharge 
relative to the plasma potential of the plume, called the space potential.  The total 
potential drop that accelerates the ions is the difference between the discharge potential 
and the space potential, called the beam voltage, Vb.  Figure 17 shows a qualitative plot of 
the potential from the discharge chamber to the plume.  The potential drop between the 
grids generally exceeds the beam voltage, as the acc l grid is generally biased below 
common.  The negatively biased accel grid repels downstream electrons from the 
neutralizer cathode entering the discharge chamber through the grids, a process called 
backstreaming.  Electron backstreaming causes the electron current to be recycled 
through the discharge anode to the neutralizer cathode, which is a source of inefficiency.  
Furthermore, this recycled electron current prevents accurate measurement of the beam 
current using the anode and grid currents.  Therefore, biasing the accel grid below 
common to eliminate electron backstreaming improves efficiency and enables easy 













Figure 17. Beam voltage compared to grid potentials. 
 
While maximizing the potential drop between the grids maximizes the current that 
can be passed through the grids, having a large grid potential drop relative to the beam 
voltage can cause ion impingement on the accel grid and limit thruster lifetime.  This is 








=                (3.12) 
  
The design parameters discussed so far encompass only the grid assembly.  However, 
the actual acceleration mechanism is the plasma sheth that forms between the grid and 
the discharge plasma.  Equation (3.2) and Appendix C show that the thickness of a sheath 
is dependent on the temperature and density of bulk plasma.  Therefore, the trajectory of 
the accelerated ions is not solely dependent on the electrode geometry, but also dependent 
on the shape of the plasma sheath.  The shape of th sheath is not fixed, but rather varies 
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with the potential drop through the grids compared to the bulk plasma parameters.  This 
variance is described by a parameter called the perveance. 
 
3.2.3 Perveance 
Perveance is a measure of how much current is accelerat d through an aperture for a 






P =      (3.13) 
 
where I is the total current transmitted through the apertur  and VT is the total potential 
drop through the aperture.  The maximum perveance through a round aperture can be 
found by using Equation (3.9) for the current density and equating the total potential drop 






















            (3.14) 
 
The above equation sets an upper bound to the current that can pass through an 
aperture for a given voltage drop.  A useful design and characterization tool is to 
normalize the perveance by the ratio of the squares of the aperture diameter and the 
sheath thickness,52 as this allows an easy comparison of the perveance to the allowable 
limit.  Since Equation (3.14) describes the perveanc  for a single aperture, Equation 






































             (3.16) 
 
The perveance serves as a measure of the sheath placement in relation to the screen 
grid.  In the ideal case the sheath extends through the screen grid aperture and forms a 
convex “lens” to focus the ions through the smaller accel grid aperture, shown in Figure 
18.  This only happens for a certain match between th  discharge plasma and the applied 
potential on the grids.  There are two competing parameters that set the location of the 
sheath edge: the incoming ion current and the totalpotential drop across the sheath.  The 
ion current, described by Equation (3.6), has two variable components: the electron 
temperature and density of the bulk plasma.  As thee parameters vary, the location of the 
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Ion trajectory
 
Figure 18. Optimum perveance. 
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An increase in the discharge plasma density (or a reduction of the electron 
temperature) for constant grid potentials reduces the sheath thickness and pushes the 
“lens” further towards the accel grid.  This causes ome of the ions to have insufficient 
focusing and increases ion impingement on the accel grid.  In this condition, the 
perveance is higher than the optimal case, called “over-perveance,” shown in Figure 19.  
Similarly, an increase in the potential drop across the grids increases the sheath thickness 
and extends the boundary towards the discharge plasma.  In this scenario, called “under-
perveance,” the ions are over-focused and will cross trajectories with neighboring 
apertures, shown in Figure 20.   
 
       
Sheath edge
Screen grid Accel grid
Ion trajectory
 




Screen grid Accel grid
Ion trajectory
 
Figure 20. Under-perveance and over-focusing of ions. 
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The determination of the optimal perveance can be performed experimentally by 
varying the grid potentials and measuring the ion current into the accel grid.  The optimal 
perveance occurs at a minimum of the ratio of the accel grid current to beam current as a 
function of the normalized perveance.  A general design target is to operate at half the 
maximum perveance.51 
  
3.3 Plasma Discharge 
 
The primary function of the plasma discharge is to upply the device with a source of 
ions that can be accelerated by the grid assembly.  A secondary function of the discharge 
chamber is to bias the plasma above the downstream sp ce potential, which sets the net 
ion energy and ultimately the specific impulse.  There are two types of discharges that 
can be used: DC and RF discharges.  The distinction between the two groups is the 
methods used to ionize and confine the propellant.   
 
3.3.1 DC Discharges 
DC discharges create a plasma through electron-neutral collisions where the electrons 
are supplied by a cathode inside the discharge chamber.  An anode is placed inside the 
chamber (or more commonly the walls of the discharge chamber are the anode) with an 
applied potential drop between the anode and the cathode.  As electrons are emitted by 
the cathode they are accelerated by the difference in potential and collide with neutral gas 
fed into the chamber.  Given sufficient electron energy, the electron-neutral collisions 
result in the ionization of the gas.  The ions produced are then accelerated through the 
grid assembly, while the electrons are collected by the anode and fed to the external 
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neutralizer cathode to neutralize the exhaust plume.  Figure 21 shows a qualitative 
















Figure 21. Conceptual DC plasma discharge chamber. 
 
While the anode creates the potential drop that sets th  electron energy and provides a 
pathway for electrons to the ion plume, the anode also creates a source of inefficiency.  
Every electron that reaches the anode that does not correspond to an extracted ion is 
passed through the discharge cathode and re-enters the discharge.  Should an electron 
pass from the cathode to the anode without colliding with a neutral and create an ion, the 
energy spent accelerating the electron is wasted.  The most common solution is to create 
a magnetic barrier that causes the electrons to gyrate around the magnetic field lines.  By 
creating a magnetic field roughly parallel with the wall (which is approximately 
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perpendicular to the electric field to the anode), the path length for an electron to the wall 
is greatly increased.  For a given mean-free path this results in a greater chance that an 
electron will collide with a neutral before reaching the wall.  There are many different 
configurations possible for the magnetic field; theone depicted in Figure 21 is a system 
of ring cusp magnets that are wound around the exterior of the discharge chamber.  
 
3.3.2 RF Plasma Discharges 
RF discharges are similar to DC discharges in that t e primary goal is to energize 
electrons to collide with neutrals and cause ionization.  Whereas DC discharges rely on 
electron acceleration between a cathode and an anode, RF discharges primarily use 
oscillating electromagnetic fields in the Medium Frequency (MF) and High Frequency 
(HF) bands to deposit energy into the electrons.  A common approach is to create an 
inductively coupled plasma discharge using an RF coil wrapped around the discharge 
chamber as the antenna.27-29,1  An ion engine that utilizes such a discharge is cla sified as 
a radiofrequency ion engine (RIT).   
There are several ways the behavior of RF discharges differs from that of DC 
discharges.  The first is that in an ICP the electrons gain energy in proportion to the 
amplitude of the incident wave.  However, since the plasma is a conductive medium it 
will attenuate the wave as it passes through, as describ d by the skin depth.  Generally, 
RF discharges are designed so that the skin depth is on the order of the diameter of the 
discharge chamber.  With the RF coil located on the ext rior of the discharge chamber, 
energy deposition, and thus propellant ionization, will mostly occur near the discharge 
chamber wall and not in the center.  The second difference from a DC discharge is that 
RF discharges often do not have a DC magnetic fieldto confine electrons, instead relying 
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on an oscillating axial magnetic field induced by the RF coil.  Another other major 
distinction is that since ionization is not dependent on a cathode-anode discharge, the 
walls of the discharge chamber no longer have to serve as the anode.  In fact, in order for 
the RF wave to propagate into the discharge chamber at all, the chamber wall must be 
insulating.  An anode is still required to bias thedischarge plasma and provide a pathway 
for discharge electrons to be emitted into the ion plume, but the size and location of the 
anode are more variable than in the case of a DC discharge. 
One final consideration for an RF discharge is the conditions required to ignite the 
plasma discharge.  As already discussed in Section 2.2.2, an RF discharge can be ignited 
given sufficient neutral gas pressure and RF power.  However, such an approach requires 
high power transmission through an antenna with no initial load.  In RF discharges the 
plasma itself is the load for the RF signal, and the reliance on high power to ignite the 
plasma requires the RF system to either supply highpower at mismatched impedance, or 
to include a variable impedance tuning circuit to allow for changing the system 
impedance after the plasma is ignited.  Since transmitting high power across mismatched 
impedances is generally undesirable, the latter option is usually required, which is 
covered in Appendix D.  An alternative is to use thneutralizer cathode as a free electron 
source by placing no bias on the grids and drawing in the electrons using the anode.  The 
excess electrons then reduce the power needed to igni e the plasma.  
 
3.3.3 Discharge Efficiency 
The discharge efficiency is a ratio of the power absor ed by the plasma from the RF 








=η              (3.17) 
 
Discharge efficiency has units of W/A, or more commonly eV per ion.  The discharge 
efficiency, also referred to as the ion production c st, is a useful metric for evaluating an 
ion engine discharge chamber.  The discharge efficincy is higher than the ionization 
energy, as not only is power expended to first create the ion, but also in various loss 
mechanisms, such as recombination, collisional excitation, and wall neutralization.  Thus 
the discharge efficiency is a measure of the energy cost to create and transport an ion to 
the grids taking these losses into account.  Generally the discharge efficiency is about a 
factor of ten greater than the ionization cost.1  
While there is only one way for energy to enter the discharge, either through a DC or 
RF source, there are several pathways for energy to exit the discharge.  The primary 
energy expenditures are: neutral ionization, neutral excitation, ion current flow to the 
grids and discharge chamber wall, ion current to the beam, electron flow to the wall, and 
electron collection by the anode.  Since a Child-Langmuir sheath exists at the grids, the 
electron current to the grids can be assumed to be negligible.  In the steady-state the 
power absorbed by the plasma must equal the power output, which can be written as1 
                              
 
61 














 +++++= ∗∗+ 2
22 ,,
















where I* is the rate of neutral excitation, Is is the ion current to the screen grid, Ib is the 
ion beam current, IA is the accel grid current, Iw,i is the rate of ion loss to the walls, Iw,e is 
the electron loss rate to the walls, Ia is the electron current to the anode, ε is energy of 
ionization and excitation, and φj is the potential difference of the sheath between the 
discharge plasma potential and j, where j is s, w, or a for the screen grid, the wall, or the 
anode, respectively.   
The ion production rate can be expressed as a function of the ionization cross section 
of the neutral particle, σi, the volume of the discharge chamber, Vd and the electron 
velocity, ve. 
 
deienp VvnnI σ=          (3.19) 
 
The term in the brackets denotes the product averaged over the Maxwellian distribution 






∗∗ = σ          (3.20) 
 
with a total excitation collision cross section for a 15 eV electron and a neutral argon 
atom is approximately 0.1x10-20 m2.53 
Ideally, the beam current is the Bohm current into the open area of the screen grid, 
which is the grid area, Ag, multiplied by the screen grid transparency, Ts. 
 
Bohmsgb vTeAnI 061.0=            (3.21) 
 
The transparency is defined as the ratio of the open ar a of the grid to the total area 






,=      (3.22) 
 
This is a reasonable approximation for the sheath area, since the slightly convex shape of 
the sheath does not appreciably add to the surface area compared to the open area of the 
grids.  However, Equation (3.21) assumes there is no io  impingement on the accel grid, 
which is not always the case.  Instead, it is more accurate to state that the Bohm current is 
equal to the combined accel grid and beam currents. 
 




Similarly, the screen grid current is the Bohm current into the closed area of the 
screen grid. 
 
( ) Bohmsgs vTeAnI −= 161.0 0             (3.24) 
 
The possibility exists that the anode will still collect an ion current from the discharge 
plasma.  This occurs when the area of the anode is comparable to the area of the grids, or 
when the anode does not draw a very large current.  Assuming that the anode collects 
both ions and electrons, the currents to the anode can be found using Equation (3.6) and 













































AenI             (3.26) 
 
The ion and electron currents to the discharge chamber wall differ from the other 
currents into a sheath due to the presence of the axial magnetic field.  The magnetic field 
does not limit electron mobility parallel to the magnetic field, such as to the anode; 
however, it does limit transverse electron mobility, such as electron flow to the wall.  
Electrons are thus confined to the magnetic field lines and can only achieve transverse 
diffusion via collisions.  The ion gyroradius is much larger than the electron gyroradius, 
and ions are much less confined than electrons.  In order to maintain quasi-neutrality ions 
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must exit the discharge chamber (in this case by neutralizing at the wall) at the same rate 
as electrons, which requires ion mobility to be decreased.  As a result, an electric field 
arises that accelerates electrons and decelerates ions, a mechanism called ambipolar 
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where µe is the transverse electron mobility, B is the applied magnetic field strength, and 
ν is the collision frequency, with the subscript “ei” denoting electron-ion collisions, and 
“e” denoting electron collisions with either ions or neutrals.  Figure 22 shows the 
transverse velocity and the associated components in relation to the axial magnetic field 








Figure 22. Transverse diffusion velocity components. 
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eiene ννν +=        (3.29) 
eeiiei vn σν =      (3.30)   
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The average electron collision velocity is a function of the reduced mass, m*, so the 
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For collisions between charged particles, called Coulomb collisions, electrostatic 
forces cause the impact parameter to be higher than just the radii of the particles.  Instead, 












σ Λ=           (3.34) 
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where lnΛ is the Coulomb logarithm, defined in terms of the Debye length, λD. 
 
312 Den λπ=Λ      (3.35) 
 
Substituting Equations (3.32) through (3.35) into Equation (3.30) yields 
 

















ν =       (3.36) 
 
The ion and electron wall currents are thus 
 
⊥== veAnII wewiw 0,,                   (3.37) 
 
The anode sheath potential is defined in relation to the discharge temperature by 
enforcing charge balance and equating the ion currents to the electron currents, shown in 
Figure 23. 
 





























Figure 23. Discharge chamber currents. 
 





















Tk πφ 261.0ln          (3.39) 
 
Thus, unless the grid area is much larger than the anode area, Equation (3.39) contains 
the natural log of a quantity less than one, which yields a negative anode sheath potential.  
This confirms the earlier assumption that the anode sh ath collects ions in addition to 
electrons.  Physically, this is due to the higher vlocity of the electrons creating a larger 
electron current incident on the anode than is requi d to balance the grid currents.  In 
order to maintain charge balance, the anode sheath must repel some of the electrons, 
which necessitates a negative sheath potential and the collection of ions.   
The sheath potential to the screen grid can be found by relating the anode and screen 
potentials to the anode sheath potential. 
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( )saas VV −−= φφ           (3.40) 
 
If a cylindrical discharge chamber is assumed with an axial magnetic field, and the only 
insulating wall condition is on the radial boundary, then the ion and electron wall 
collision rate is already equal due to ambipolar diffus on across a magnetic field.  




From the information presented in this chapter, there are several additional operating 
parameters that control the GHIT beyond previously mentioned the helicon plasma 
source operational parameters of RF power, RF frequency, magnetic field strength, and 
propellant flow rate.  These additional parameters are the voltages of the screen and accel 
grids, and the voltage of the discharge plasma withrespect to the cathode.  This does not 
include the grid aperture geometry, as this cannot be easily modified during operation.  
However, the impact of the grid voltages on ion extraction and acceleration is also 
affected by the discharge plasma density and temperatur .  Thus it is more accurate to say 
that ion extraction and focusing is dependent on the combination of the discharge plasma 
characteristics and the grid voltages, a quantity captured by the perveance.  Thus the 
GHIT has a greater number of variable operational parameters that can be used to control 
ion acceleration.  Additionally, the separation of the ionization and ion acceleration 
mechanism allows for separate characterization of each process.  These processes can be 
captured with measurements of the component grid currents, discharge plasma 
characteristics, and the beam divergence angle. 
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Furthermore, the discharge efficiency model describes the ionization of the discharge 
chamber in relation to the various power losses possible.  The model reveals that 
measurements of the plasma structure inside the discharge chamber are necessary to 
calculate radial ion losses.  However, such measurements are already required for the 
EHT in order to evaluate electrodeless ion acceleration.  Therefore, the ion production 
cost can now be calculated more accurately utilizing a combination of measurements of 











The goal of this research is to examine ion acceleration in helicon thrusters and 
determine the necessity of a separate ion accelerator.  In the previous chapters the 
experimental methodology is established as a case study between two thruster 
configurations and the ion acceleration mechanisms of each is reviewed.  Additionally, 
the operational parameters that can be used to control each thruster configuration is 
determined, along with the key performance characteistics and evaluation metrics.   
This chapter outlines the design, fabrication, and operation of the two thruster 
configurations.  The first is an electrodeless helicon thruster (EHT) that consists of a 
helicon plasma source exhausting a plasma into a diverging magnetic field to produce 
thrust.  The second configuration is a gridded helicon ion thruster (GHIT) that uses an 
identical helicon plasma source to create a plasma discharge and a two-grid ion extractor 
to accelerate ions to produce thrust.  Both thruste configurations share the same 
configuration of the helicon in terms of discharge chamber size, solenoids, and antenna.  
There are several additional components that convert th  EHT to the GHIT.  The first 
section of this chapter details the design of the EHT and the RF system.  The second 
section introduces the additional components of the GHIT: the anode, grid assembly, and 
cathode.  Additionally, the integrated thruster is presented along with a performance 




4.1 Electrodeless Helicon Thruster 
 
The helicon consists of a Pyrex discharge chamber 27.3 cm long and 14.0 cm in 
diameter.  The axial magnetic field is provided by two 725-turn solenoids 7.6 cm wide 
with a 19.7 cm inner diameter.  The solenoids are placed 10.2 cm apart.  Figure 24 shows 
the on-axis magnetic field strength for the four solen id currents used.  The magnetic 
field strengths are referred to by the strength at the center of the antenna; thus while the 
device is tested at solenoid currents of 3.76, 6.26, 8.75, and 11.25 A, it is referred to as 
150, 250, 350 and 450 G, respectively.  Contour maps of the 150 G and 350 G cases are 





































































Figure 25. Helicon magnetic field contour at 3.76 A (150 G).  Cross section of the solenoids denoted 






































Figure 26. Helicon magnetic field contour at 8.76 A (350 G).  Cross section of the solenoids denoted 
by black boxes, and discharge chamber wall by white lines. 
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Figure 27 shows the geometry of the helicon plasma ource and a schematic of the RF 
system.  The RF signal is provided by a Yaesu FT-540 HF transceiver and amplified by 
an ACOM 2000A linear amplifier.  A LP-100 RF wattmeter monitors the RF power 
transmitted and measures the standing wave ratio (SWR) with an uncertainty of ±1 W for 
power and ±0.05 for the SWR.  The signal is matched by a π-type matching network 
described in Appendix D.  RF power is transmitted from the transceiver to the matching 
network through RG-8/U coaxial cable, and from the matching network to the antenna 



















Figure 27.  Helicon configuration and RF schematic. 
 
The antenna is a double saddle antenna designed similarly to the type used by Chi and 
Boswell.55  The antenna is 20.3 cm long and 15.9 cm in diameter.  The antenna composed 
of copper strips 1.25 cm wide and 0.318 cm thick welded together.  A gap of 0.635 cm 
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separates the two terminals that are connected to the coax cable.  The antenna is wrapped 
in fiberglass tape to prevent direct electrical contact between the antenna and any stray 








Figure 28. CAD model of the double saddle antenna. 
 
Every connector, cable, and device has a characteristic impedance of 50 Ω.  The 
procedure for determination of the attenuation of the ransmission line is discussed in 
section D.4.3, but the following results summarize th  findings.   The matched-line loss is 
0.8 and 1.5 dB at 11.9 MHz and 13.56 MHz, respectivly, for the helicon thrust 
measurements.  For all other tests the attenuation is 0.65 dB, which includes attenuation 
caused by the feedthrough.  During thrust testing the SWR ranged from 1.01 to 1.10, 
which results at most in an additional 0.003 and 0.005 dB of attenuation for 11.9 and 
13.56 MHz, respectively.  For all other testing, the SWR did not exceed 1.04, which 






Figure 29.  Electrodeless helicon thruster 
 
4.2 GHIT Configuration 
 
There are three main sub-systems to the helicon thruster.  The first is the helicon 
plasma source described in Section 4.2, the second is the electrostatic grid assembly, and 
the third is the neutralizer cathode.  The helicon plasma source ionizes the propellant gas 
to create a plasma, the grid assembly accelerates the ions to provide thrust, and the 
cathode neutralizes the ion plume to prevent charge buildup and back streaming.  Within 
each sub-system are multiple components, such as magnetic solenoids and power 
























Figure 30.  GHIT electrical schematic. 
 
4.2.1 Helicon Discharge Additions 
When the helicon is integrated into the thruster, two additions are made: an anode and 
a third solenoid.  The anode is a 6.5 mm thick SS316 disc with a 13.85 cm outer diameter 
fit at the back of the interior of the discharge chamber.  A 1.59 mm diameter, 25 mm long 
stainless steel rod is welded to the back of the anode and extends through a hole in the 
back of the discharge chamber to allow for an electrical connection to the anode.  The 
additional solenoid has 525 turns with an inner diameter of 17 cm and is aligned with the 
previous two solenoids.  The new solenoid is placed at the rear of discharge chamber 
such that the center of the anode coincides with the center of the solenoid. 
As discussed in Chapter III, there are two reasons f r the inclusion of the anode.  The 
first is to allow a connection between the neutralizer cathode and the discharge plasma.  
As ions exit the discharge chamber, they leave behind their corresponding electrons; if 
left unchecked, this would create a buildup of negative charge in the discharge chamber.  
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Thus by including the anode and connecting it to the neutralizer cathode, the excess 
electrons can be collected and used to neutralize the ion plume.   
The second purpose of the anode is to set the plasma potential within the discharge 
chamber.  The net energy of the ions leaving the thrus er is determined not by the 
potential drop across the grids, but by the net potential drop between the discharge 
plasma and the space potential, called the beam voltage.  The potential drop between the 
grids only determines the maximum current density that can pass through the grids.  Even 
if the acceleration grid provides a steep drop in potential, the ions would have to come 
back up the potential hill to end at the space potential.  Thus the anode is required to push 
the potential of the discharge plasma above the space otential so a net potential exists to 










Figure 31. Qualitative plot of potential along thruster axis. 
 
The third solenoid is added to provide variable magnetic shielding of the anode to 
control the flow of electrons to the anode.  An increase in the axial magnetic field 
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strength near the anode would create a magnetic mirror effect that should decrease 
electron mobility to the wall.  Since electrons must reach the anode to maintain discharge 
neutrality, the electron energy distribution will shift to a higher energy to allow sufficient 
electrons to pass through the barrier.  Thus, it is hypothesized that increasing this 
magnetic barrier should increase the electron temperature of the discharge.  Figure 32 























































Figure 32. Magnetic field simulation of the primary solenoids at 3 A and the anode coil at 4 A.  The 
cross section of the anode is represented by the grey boxes, the solenoids by the black boxes, the 






4.2.2 Grid Design  
The grid design assumes an ion number density of 2x1016 m-3 and an electron 
temperature of 5 eV.  The screen grid aperture diameter is set to be ten times larger than 
the Debye length from Equation (3.2), yielding 1.5 mm.  The accel grid aperture diameter 
is chosen to be 1.2 mm, with a grid thickness of 0.635 mm and a grid separation of 1.0 
mm.  Both grids are laser-cut from SS 316 with the ap rtures arranged in a 60° hexagonal 
pattern with a 1.75 mm pitch.   
The grid assembly starts with a base piece fabricated from polyether ether ketone 
(PEEK) sized to fit on the end of the discharge chamber.  The screen grid is mounted on 
the base where four protrusions extend from the basand fit into side holes of the grid to 
restrict rotational motion of the grid.  An imbedde aluminum electrode allows 
connection to the screen grid through the side of the base.  Two 0.5 mm thick mica rings 
are placed on top of the screen grid to maintain the designed 1.0 mm grid separation 
distance.  The accel grid is set within a PEEK holder that contains protrusions similar to 
the base for the same reason.  The PEEK holder also h s two protrusions on the side that 
match two recessions on the final piece, the grid press.  The grid press is also fabricated 
from PEEK and bolts to the base part.  The grid press serves two functions: sixteen set 
screws compress the grid stack together, and the grid press covers the sides of the grids, 
preventing arcing around the mica.  The combination of the nested protrusions maintains 
aperture alignment.  One of the set screws is aligned with a hole in the accel grid holder 
that allows electrical contact to the accel grid.  Four screws mount the entire assembly to 











Figure 33. Exploded view of the grid assembly. 
 
4.2.3 Neutralizer Cathode 
The function of the neutralizer cathode is to draw excess electrons from the discharge 
plasma and eject them into the exhaust plume.  Thisallows for the ions to neutralize 
downstream of the thruster and prevent charge buildup and back streaming.  The cathode 
of choice for this thruster design is a lanthanum hexaboride (LaB6) hollow cathode 
following the design of the Moscow Aviation Institue.  The cathode consists of a pellet 
of LaB6 as the electron emissive material placed in a molybdenum holder.  A coil of 
tungsten is wrapped into a helical spring to fix the LaB6 in place while also serving as the 
heater.  A thin sheet of molybdenum is bent to form a cylindrical radiation shield that 
extends along the length of the heater coil.  The radiation shield serves two purposes: it 
reduces radiation losses from the heater coil and acts as an electrical connection between 
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the heater coil and the heater connection rod that extends out the back of the cathode.  
Ceramic spacers fix the position of the radiation shield and heater connection relative to a 
center threaded rod that serves as a common cathode connection.  The center assembly 
then fits inside a titanium shell with molybdenum foil wrapped around it, while a 
tantalum disc with a center bore is placed in front f the pellet; these both serve as 
thermal insulation to prevent the titanium shell from melting.  Once the LaB6 pellet 
reaches its operating temperature it emits electrons; by flowing a gas through the cathode 
the number of electrons emitted is increased by secondary emission via collisions of the 
primary electrons into the neutral atoms.  An extraction wire called a keeper is placed just 
past the center orifice to aid in electron generation.  A schematic of the cathode is shown 
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4.2.4 GHIT Operation 






Figure 35. Side view of the GHIT. 
 




   





GHIT operation is begun by first starting the cathode.  The cathode is purged for 10 
minutes with 5 sccm of argon.  The cathode is progressively heated by running 5, 9, and 
then 11 A through the heater coil in 15 minute increments.  When the heater current is at 
11 A the gas flow through the cathode is increased to 9 sccm and the keeper is then 
biased to 100 V to start the electron extraction. 
The next stage of the engine startup is to set the grid potentials and the axial magnetic 
field.  The screen grid is biased 35 V below the anode, the voltage empirically found to 
repel all electron current to the grid.  The accel grid is biased 150 V below cathode 
common; this potential is low enough to prevent electrons from the cathode back 
streaming into the discharge yet not low enough to decrease the voltage ratio R 
considerably.  The discharge supply is initially set to 100 V in order to reduce total ion 
energy for any ions that might strike the accel grid during RF startup.  The discharge 
propellant flow is then opened.  The RF discharge is lit by matching the system 
impedance and then spiking the power up to 1.2 kW; the power is rapidly lowered to the 
desired operating point, and the matching network is re-tuned to the new load impedance.  
The discharge supply is set to the desired voltage.  Figure 37 shows a picture of the GHIT 
operating at 600 W RF power, 150 G magnetic field, 600 V discharge, and 1.5 mg/s 





Figure 37. GHIT operation at 600 W, 150 G, 600 V, 1.5 mg/s argon. 
 
4.2.5 Performance Model 
The thrust, T, produced by an engine is 
 
( )nnii vmvmT && += γ          (4.1) 
 
where γ is the plume divergence factor, ṁi and ṁn are the ion and neutral exit mass flow 
rates, respectively, and vi and vn are the ion and neutral exit velocities, respectivly.  
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m =&        (4.3) 
 
The beam current through the grids is dependent on tw  processes: the current flux from 
the discharge plasma into the grid sheath and the space charge limitation.  Therefore the 
total beam current is the product of the ion current density over the transparent area of the 
grids. 
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It should be noted that in Equation (4.5) the transp rency used is the geometric 
transparency, which does not take into account ionsthat pass the screen grid and then 
strike the accel grid.  Therefore an ion optics efficiency term is included in the ion mass 







=η         (4.7) 
 
By Equation (3.6), the thrust varies with the discharge plasma density and temperature 
with a maximum allowable value set by the given grid potentials. 
 














= ηγε              (4.9) 
 
Note that the thrust is independent of the mass of the propellant used.  Instead, the choice 
of propellant is important in the discharge, where th  ionization cost and collisional cross 
section is important in determining the di`scharge efficiency.  Equation (4.8) is an 
expression of the thrust in terms of the beam voltage nd beam current with the beam 
current defined in terms of the discharge plasma par meters.  However, it is still useful to 










The two thruster configurations that make up the case study are presented.  The EHT 
and GHIT both share the same helicon plasma source, which allows for measurements of 
the plasma structure inside the EHT discharge chamber to also be utilized with the GHIT.  
As outlined in Chapter III, this is advantageous, as gradients of the ion number density 
and plasma potential are required for the discharge efficiency model.  With the two 
configurations fabricated, the next step is to determine the diagnostic equipment required 











Thus far this dissertation has introduced the stated aim of evaluating the ion 
acceleration mechanisms between a single-stage and a two-stage helicon thruster, 
reviewed the physical processes of both acceleration mechanisms, and presented the two 
thruster configurations.  In order to evaluate the two configurations, several figures of 
merit have been selected that encompass how well each thruster accelerates ions: the ion 
energy, the beam current, and the beam divergence half-angle.  Direct thrust 
measurements are also desired to verify the predicted performance to the actual results.   
In order to measure these quantities, several diagnostic instruments are required.  The 
beam divergence half-angle, as well as beam current of the EHT, is determined using a 
Faraday probe, which measures the current density profiles across an angular sweep of 
the plume.  A retarding potential analyzer is select d to measure the ion energy 
distributions, as it can selectively measure the change in ion current as a function of 
repulsion potential, much like a high pass filter.  Finally, thrust is measured using an 
inverted pendulum thrust stand.   
Additionally, in order to evaluate the ion acceleration of the EHT, measurements of 
the plasma plume structure are required to compare against the measured ion energies.  
The plasma structure inside the discharge chamber is also required to calculate the ion 
production cost of the GHIT.  There are three plasm parameters that capture the 
structure of the plume: plasma potential, ion number density, and electron temperature.  
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These quantities can be determined using a combination of an emissive probe and a 
Langmuir probe.  This chapter details the design and operation of each of the above 
diagnostic tools, as well as the vacuum system usedduring the experiments.    
 
5.1 Vacuum Facility 
 
All experiments are conducted in Vacuum Test Facility 1 (VTF-1).   VTF-1 is a 
stainless steel vacuum chamber 4 m in diameter 7 m in length.  Two 3800 CFM blowers 
and two 495 CFM rotary-vane pumps evacuate the chamber to a moderate vacuum (about 
30 mTorr).  High vacuum is reached by using six 48”diffusion pumps with a combined 
pumping speed of 485,000 l/s on argon.  The presenc of optical baffles at the inlet of the 
diffusion pumps reduces the effective pumping speed to 125,000 l/s.  The chamber 
pressure is measured with a BA-571 ion gauge connected to a Varian SenTorr controller 
with an accuracy of 20%.56  An MKS type 247 four-channel readout in conjunction with 
an MKS 1179 mass flow controller regulates the gas flow into the helicon with an 
accuracy of 1%.57  The base pressure of VTF-1 for these experiments is 1.1x10-5 Torr.  





Figure 38.  Schematic of VTF-1. 
 
Operating pressure, po, is derived by a correction of the pressure measured by the ion 










     (5.1) 
 
where pg is the pressure given by the ion gauge, pb is the base pressure, and χ is the gas 
correction factor, which is 1.29 for argon.  All pressures presented in this work, save for 
base pressures, are corrected for argon. 
VTF-1 has a two-axis linear motion system and rotary table that enables the 
traversing of plasma diagnostics for spatial mapping.  The linear tables are 1.5 m long 
model of the 406XR series by Parker Automation with a positional accuracy of ±134 
microns and a bidirectional repeatability of ±3.0 microns.  The rotary table is a 200RT 
from Parker Automation with an accuracy of ±10 arc-min and a unidirectional 
repeatability of ±0.5 arc-min. 
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5.2 Thrust Stand 
 
The thrust of the helicon is measured using a null-type inverted pendulum thrust 
stand.58  This type of stand maintains the thruster at a fixed position with a solenoid 
surrounding a center magnetic rod.  By varying the current through the solenoid with a 
PID controller, the restoring force on the thrust stand, and therefore the thrust of the 
device, can be correlated to the solenoid current.  The thrust stand is calibrated by the 
application of a series of known weights which allow a curve fit between solenoid current 
and applied weight.  A water-cooled copper shroud srrounds the stand components to 
maintain a constant device temperature.  
 
 




Due to the design of the helicon, which includes an RF antenna, there are two issues 
that must be addressed during setup to ensure accurate th ust measurement of any device 
using the helicon.  The first is drift of the thrust stand due to thermal expansion of the RF 
cable.  As RF power is propagated through the cable, the power attenuated by the cable is 
absorbed into the cable by Ohmic heating.  As the cable temperature increases, the cable 
expands, pushing on the antenna which in turn pushes on the device and ultimately 
deflects the thrust stand.  To prevent this, the ant nna is physically separated from the 
rest of the device and mounted to a three axis bracing mount, shown in Figure 40.  This 
fixes the antenna in place such that it contacts neither the discharge chamber nor the 
solenoids, while allowing device to move smoothly along the axis of the thrust stand.  
Additionally, the RF cable makes a roughly 270º spiral to the antenna, allowing the cable 















The second issue with measuring the thrust of a helicon on a thrust stand is the 
elimination of any RF pickup in the thrust stand signal lines.  Originally, it appeared as a 
DC offset to the measured thrust stand null coil current required to maintain the thrust 
stand position whenever the helicon was turned on.  The problem occurred even when the 
helicon was removed from the thrust stand and placed on the floor of the chamber a meter 
away.  This phenomenon is indicative of a ground loop caused by faulty RF shielding 
between the thrust stand electronics and the RF system.  The solution is to separate the 
electronics ground from the RF ground and to shield the electronics and associated data 
lines from the RF signal.  Inside the chamber, all signal lines are isolated from chamber 
ground while providing additional grounded shielding i side the chamber to prevent RF 
pickup.  Outside the chamber, the signal lines are still isolated from chamber ground, but 
the cable shielding is connected to the thrust stand electronics common ground.  Each 
electronic component of the thrust stand is placed in a grounded enclosure tied to the 
common ground, which is ultimately connected to the ground of a single wall outlet.  
This removes all RF offset during helicon operation. 
There is a large amount of uncertainty in the thrust measurements due to the 
sensitivity of the thrust stand to vibrations.  The load spring used in the thrust stand is one 
variable to control vibrations, with a looser spring to reduce vibrations.  However, for 
heavier loads a stiffer load spring is needed to restrict thrust stand deflection, which 
increases sensitivity to vibrations.  Generally this is mitigated by the fact that a heavier 
thruster produces higher thrust.  In this case the helicon source has a mass of about 35 kg, 
which is comparable to a Hall effect thruster but with a much lower thrust.  As a specific 
comparison, a T-140 Hall thruster has 200 mN of thrust with an uncertainty of ±2.3 mN, 
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which is only 1.1% of the measured value;58 the helicon has an average thrust of 3 mN 
and an uncertainty of ±1.7 mN, which is approximately 57% of the measured value.  For 
this study, thrust stand uncertainty is defined as the standard deviation of the null coil 
output from the mean value for the sample set used to determine the null coil position at 
each point.   
 
5.3 Faraday Probe 
 
A Faraday probe is a well-known diagnostic that measures ion current density in 
thruster plumes.59-65  The primary function of the Faraday probe is to determine the 
plume shape in terms of the location of the plume beam current along a circular arc 
centered on the exit plane of the thruster.  The shape is quantified by the beam divergence 
half angle, the angle from the center of the plume that captures 90% of the ion beam 
current, as illustrated in Figure 41.  Ideally the divergence angle should be as low as 
possible, as this signifies a highly collimated beam where minimal ion energy is spent on 












Figure 41.  Illustration of 90% beam divergence half-angle.  Blue shaded region denotes 90% of 
beam current content.60 
 
5.3.1 Probe Construction 
A Faraday probe consists of two primary elements: a collector and a guard ring.  The 
collector is biased negatively to repel electrons, which ensures that the current collected 
by the probe is solely due to ions and not reduced by a partial electron collection.  As the 
collector is biased a plasma sheath forms around the probe to transition from the 
negatively biased probe to the plasma potential.  A concern is that as the sheath forms the 
edges of the sheath are curved, which enlarge the effective ion collection area.  It is for 
this reason the guard ring is present.  By biasing the collector and guard ring to the same 
potential, the sheath is extended so that the sheath above the collector is parallel to the 
plane of the collector, and only the guard ring collects ions from the edge of the sheath.  
Since the collector is isolated from the guard ring, the effective collection area is equal to 
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the area of the collector, giving a more accurate measurement of the current density.  An 






Figure 42. Guard ring effects.  Probe on the left collects additional ion current from the curved 
edges, while the probe on the right has the guard ring to extend the plasma sheath and collect the ion 
current from the edge. 
 
The collector is a tungsten coated aluminum disk 22.4 mm in diameter and 6.05 mm 
thick.  The guard ring is 25.2 mm in outer diameter with a thickness of 0.75 mm and is 
5.52 cm long.  A threaded rod is attached to the back of the collector and passes through 
the back of the probe, serving as the electrical connection.  Inside the probe the threaded 
rod is separated from the guard ring by a ceramic spa er.  A schematic and picture of the 










Figure 44.  HPEPL Faraday probe. 
 
5.3.2 Divergence Angle Calculation 
The current density is measured along a semicircle with the exit plane of the thruster 
at the center.  The total beam current can then be calculated by integrating the current 
density across the surface area of the hemisphere, 
 









π φθθφθ ddrjI b           (5.2) 










Figure 45.  Current density integration geometry.  Dashed circle represents differential area, and the 




Assuming that the plume is radially symmetric, the current density is only a function 
of the angle θ.  With this assumption, the integration can be conceptualized as the 
summation of a series of infinitesimally thin circular rings of radius rsinθ and thickness 






π θθθπ djrI b       (5.3) 
 
Since the data is collected at discrete intervals, the integral can be converted into a series 
summation. 
 








θθθπ jrI b        (5.4) 
 
The divergence half angle, αd, is arbitrarily defined as half of the sweep required to 
contain 90% of the beam current.  Mathematically this is stated as 
 








θθθπ sin29.0 2          (5.5) 
 
The beam divergence factor quantifies the lost thrust caused by radial ion velocity in the 
plume, as radial velocity in a symmetric plume has no net force contribution.  Instead, the 
net force on the thruster is the axial component of the velocity.  Thus, the beam 
divergence factor is defined as 
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dαγ cos=      (5.6) 
 
5.3.3 Measurement Circuit and Uncertainty 
Both the collector and the guard ring are biased using a Xantrex XPD 60-9 power 
supply.  The positive terminal of the XPD is grounded, which biases the probe below 
chamber ground.  The two electrodes of the probe are biased using separate coaxial 
cables to eliminate RF pickup.  A 99.4 Ω shunt in the collector line is used to measure the 
current using a 34970A data acquisition unit (DAQ).  A schematic of the probe circuit is 







Figure 46.  Faraday probe circuit. 
 
There are three sources of uncertainty associated with the use of a Faraday probe: 
secondary electron emission, the area of the probe, and the measurement circuit.  The 
first source of uncertainty with the probe is the potential for secondary electron emission 
(SEE).  SEE is the phenomenon where a particle strike  a surface with sufficient energy 
to induce the emission of an electron from the surface.  The probe therefore collects a 
positive charge and emits a negative charge, which is indistinguishable from the 
collection of two positive charges and results in an inaccurate measurement.  In order to 
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reduce this occurrence, the aluminum collector is coated in tungsten, which has a lower 
SEE coefficient of 0.1 electrons per ion,66 which gives an uncertainty of ±10%. 
The other source of uncertainty within the probe is the effective collection area.  In 
theory, the collection area should be the area of the face of the collector disc. While the 
purpose of the guard ring is to enforce this collection area, it is possible for ions to strike 
the collector along the edge in between the collector and the guard ring.  The effective 
collection area is64,65 
 
gceffc AA κ+=,            (5.7) 
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where r and h are the radius and height of the collector and guard ring, denoted by 
subscripts c and s, respectively.  The effective area is 418 mm2 compared to the collector 
face area of 394 mm2, which gives an uncertainty of ±6.29%. 
The uncertainty of the measurement circuit is dependent on the uncertainty of the 
shunt resistance and the voltage measurement.  The uncertainty of the DAQ is ±0.0045%, 
while the uncertainty of the resistance is ±0.4%.  Combining the uncertainties yields a 





5.4 Retarding Potential Analyzer 
 
The retarding potential analyzer (RPA) is a diagnostic tool that measures the ion 
energy distribution function of a thruster plume.67-69  A basic RPA consists of two grids 
and a collector coaxially aligned within, and isolated from, a stainless steel cylinder.  The 
first grid, termed the electron repulsion grid, is negatively biased relative to ground to 
repel plasma electrons while the second grid, called th  ion repulsion grid, is positively 
biased to retard ions.  The electron repulsion gridp events electrons from the plasma 
from reaching the collector and reducing the effectiv  collection current.  The potential of 
the ion repulsion grid determines the energy the ions need to pass through.  Thus the 
probe acts as a high pass filter, allowing only ions with energy higher than the ion 
repulsion grid to pass through to the collector.  By sweeping the potential of the ion 
repulsion grid, a plot of the collected ion current as a function of the applied potential can 
be created. 
 
5.4.1 Theory of Operation 
The ion current, I, collected by the RPA is defined as 
 
Φ= qeAI i       (5.9) 
 
where q is the charge state of the ion, e is the charge of an electron, A is the area of the 
collector, and Φ is the ion flux incident on the collector surface.  The ion flux is a 




ii vn=Φ       (5.10) 
 
It should be noted that it is not the total average velocity that should be used but the 
average velocity orthogonal to the plane of the colle tor.  As long as the axis of the RPA 
is aligned with the plume the two velocities are thsame.  However, if this is not the 
case, there is an additional cosθ term that must be included, where θ is the angle between 
the axis of the RPA and the axis of the thruster plume.  From here on it is assumed the 
RPA is aligned with the thruster plume so the cosθ term is equal to one.  The average 
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where f(v) is the velocity distribution function of the ions.  Substituting the definitions of 
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The lower bound of the integral has been reset to vmin as only certain velocities of ions 
can reach the collector.  At the very least, vmin must be greater than zero, as a negative 
velocity would indicate an ion traveling away from the collector.   
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Since the RPA operates by varying ion repulsion potential, it is worthwhile to 
perform a change of variable from velocity to potential.  This is accomplished by relating 
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I               (5.14) 
 
where Vmin is defined as the minimum potential an ion must exce d to pass through the 
repulsion grid to the collector.  In practice this is the potential of the ion repulsion grid.  
Assuming the distribution function is finite as V goes to infinity, both sides of the 
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Thus with a sweep over a range of ion repulsion potentials, the generated plot of ion 
current versus potential can be used to determine the ion energy distribution function.66   
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One item to note with an RPA is the electric potential energy is a function of the 
charge state q.  Since the ion is repelled as a function of only potential energy, the RPA 
cannot distinguish two singly charged ions at some set energy or one doubly charged ion 
at that same energy.  Therefore the presence of doubly charged ions can potentially 
inflate the population of a certain energy in the energy distribution function.  It is also 
possible that a doubly charged ion can be partially neutralized by a single electron after it 
is accelerated but before it reaches the RPA, and thus have twice the energy-to-charge 
ratio expected.  This would appear in the energy distribution function as a secondary peak 
at high energy, generally around twice the average ion energy expected. 
 
5.4.2 Probe Construction 
A more advanced RPA has four grids, rather than just the two previously mentioned.  
In order from the aperture towards the collector they are the floating, electron repulsion, 
ion repulsion, and electron suppression grids.  The floating grid has no active potential 
applied and becomes charged to the plasma potential.  This serves to reduce perturbations 
in the plasma caused by the presence of the other biased grids.  The electron suppression 
grid has a negative potential relative to the plasm to repel any secondary electrons 
emitted due to ion collisions with the ion repulsion grid.   
The RPA used in this study is a four-grid design shown in Figure 47.  Each grid is 
203 µm thick 316 stainless steel 3.15 cm in diameter with a 31% transparency, 229 µm 
aperture diameter, 394 µm pitch with a hexagonal hole pattern.  The grids are separated 
by Macor spacers; the thickness of the spacers, going from right to left in Figure 47, is 
1.588 mm, 3.175 mm, 1.588 mm, 6.350 mm, and 6.350 mm.  The collector is a 3.15 cm 
diameter copper disc 0.8 mm thick.  Electrical wires are spot welded to each component 
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and run down a groove machined into the side of the grid-spacer stack.  The stack is 
housed in a Macor tube which is placed inside an aluminum housing.  The diameter of 
the aperture in the front face of the housing is 2.286 cm.  A photograph of the RPA used 
is shown in Figure 48. 
 








Figure 47.  RPA cross-section schematic. 
 
 





5.4.3 RPA Operation 
A circuit diagram of the RPA is shown in Figure 49.  The potential of the electron 
suppression and repulsion grids is negatively biased relative to ground and jointly 
supplied by a Xantrex XPD 60-9 power supply.  As an aside, while it is possible to 
control the two electron grids separately, it was found to have no real advantage.  The ion 
repulsion potential is biased above ground by a Keithley 2410 SourceMeter.  The current 
from the collector is measured by a Keithley 6485 Picoammeter. The voltages of both 
power supplies are measured by an Agilent 34970A data acquisition unit.  The current 
measured by the picoammeter is translated into an an log output by the unit which is 
measured by the DAQ.  In order to eliminate RF pickup, each signal line to the RPA is an 
RG-58 coaxial cable with the shield grounded to the c amber if inside the chamber, and 
the electronics ground if outside the chamber.  This effectively isolates the electronics 
from the RF signal while maintaining a continuous shield around the signal line.  The 








Figure 49. RPA circuit diagram. 
  
Before any measurement of an ion energy distribution can be done, there are several 
preliminary steps that must be taken.  The first is determination of the electron repulsion 
and suppression grid voltages sufficient to eliminate electron current.  This is done by 
placing the RPA at the desired location for measurement with no grid voltages applied.  
The ion current on the collector grid is then measured as the electron suppression and 
repulsion grid voltages are increased.  The desired repulsion and suppression voltage is 
that which causes the collection current to be maxiized, which demonstrates that 























Electron Suppression and Repulsion Voltage (V)  
Figure 50. Example saturation sweep 50 cm downstream.  343 W RF power and 350 G. 
 
The next step is to take a high voltage scan with a larger voltage interval to determine 
the maximum voltage needed on the ion repulsion grid to capture the entire energy 
profile.  This ensures that voltage sweeps cover the minimum required voltage range 
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needed, and allows for a smaller resolution while ensuri g that no features of the energy 
profile are missed.  As an example, for the sweep shown in Figure 51, the required 




















Ion Repulsion Voltage (V)  
Figure 51. Example high voltage sweep 50 cm downstream.  343 W RF power and 350 G.   
 
Once these preliminary steps are completed, six voltage swep  are taken of the range 
of interest at intervals of 0.5 V with a delay of 400 ms at each voltage.  The multiple 
scans are found to have excellent agreement that demonstrates a high degree of 
repeatability.  Figure 52 shows an example plot of three such scans.  During the voltage 
sweeps, the output of the picoammeter and the bias on the grids are measured every 300 
ms.  This creates several instances of multiple measurements at the same voltage, but 
these are subsequently averaged together to ensure one current measure nt for a given 
ion repulsion voltage.  The six scans are then averaged together and passed through a 
locally weighted scatter plot smoothing algorithm (LOESS) to remove irregularities.  
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While this process does introduce a small measure of uncertainty, it is required to 


























Figure 52. Example of three similar RPA voltage sweeps 50 cm downstream.  343 W RF power and 
350 G.  
 
The derivative is then numerically calculated using Newton’s Difference Quotient.  
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An example of a LOESS-smoothed I-V trace and the resultant derivative is shown below 





































Figure 53. Example LOESS smoothed I-V trace and resultant derivative 50 cm downstream.  343 W 
RF power and 350 G. 
 
5.4.4 Uncertainty Analysis 
The first source of uncertainty is the measuring instruments.  The 2410 SourceMeter 
has a voltage source accuracy of 0.02% with an additional ± 100 mV while in the 1000 V 
range.70  The 6485 Picoammeter has an accuracy of 0.2 % with an additional ± 10 pA in 
the 200 nA range, and 0.15% with an additional ± 100 pA in the 2 µA range.71  The DAQ 
has an accuracy of 0.0045%.72  Combined, the instrument uncertainty at its highest is less 
than 0.25%.  The next source of uncertainty is caused by LOESS-smoothing, w ich is 













        (5.19) 
 
where N is the number of points in the sweep, Ii is the average current at point , and 
ILOESS,i is the current at point i of the smoothed trace.  This uncertainty is essentially the 
standard deviation of the LOESS curve compared to the average curve normalized by the 
average current.  The final source of uncertainty is determined by comparing an RPA to a 
45º parallel plate electrostatic energy analyzer, which found a 3.8% discrepancy in the 
location of the most probable voltage.67,73  The total uncertainty of the RPA is thus the 
combination of all the components, shown in (5.20). 
 
222 038.00025.0 ++= LOESSRPA EE          (5.20) 
    
5.5 Emissive Probe 
 
Emissive probes are a category of internal plasma diagnostics that use an electron-
emitting surface to measure the plasma potential.74,75  The general form of this emitting 
surface is a thin metal filament heated to thermionic emission by passing a current 
through it.  There are two methods for using an emissive probe: eitheras an emitting 
collector, or as a pure emitter.  The first method applies a bias on the emitting probe 
relative to ground and measures the current emitted by the probe.  By sweeping the probe 
bias much like a Langmuir probe, the plasma potential can be measured as the probe 
potential at which emission ceases.76  This method is known as the inflection point 
method.  The second approach to emissive probes is to heat the filament to emission and 
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allow the probe to float.  If the filament wire is heated to a sufficient temperature the 
probe will float at the plasma potential; this method is called th  floating method.  Due to 
the simplicity of the approach, the floating method will be used. 
 
5.5.1 Theory of Floating Operation 
The basic premise of a floating emissive probe is to remove the plasma sheath 
between the probe and the bulk plasma.  Suppose a floating electrode is ins rted into a 
plasma.  Since electrons are more mobile, they will collect on the electrode faster and 
reduce the potential.  As the potential drops, more electrons are repelled and ions 
attracted until the rate of charge collection is balanced, which is the basis of the plasma 
sheath.  The electrode is now at the floating potential. 
Now suppose that this electrode is a thin filament that is a resistiv  element of a 
floating DC circuit.  When heated, the filament thermionically emits electrons into the 
sheath, which reduces the net electron current into the filament and increases the potential 
of the filament away from the floating potential.  As the amount of current passed 
through the filament is increased, the electron emission and probe potential are likewise 
increased.  At a sufficient heater current, the filament emits enough electrons to remove 
the plasma sheath and the probe floats at the plasma potential; at this point the probe has 
reached saturation.  Any additional heating past saturation produces very little additional 
emission, as the probe is now at the plasma potential and any additional electrons must 
overcome an adverse potential gradient.  From another perspective, the emissive probe tip 
maintains charge flux balance by emitting the same number of electrons that the plasma 
sheath repelled, thus removing the need for a sheath to form.  Figure 54 shows a diagram 
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of how the non-emissive and the emissive tips interact with the plasma and how the 


















Vt = Vp - φt Vt = Vp  
Figure 54.  Emissive probe tip interacting with the plasma.  The non-emissive tip with a plasma 
sheath (left) and the emitting tip at saturation (right) both collect zero net current.  The non-emissive 
tip repels excess electron current using the plasma sheath, but a sheath potential separates the 
plasma and tip potentials.  The emissive tip collects any incident electron and emits a current equal 
to the excess, and with no sheath, the tip potential is equal to the plasma potential. 
 
While the above method is simple and easy to perform, there is one conc rn that must 
be addressed.  In the presence of large magnetic fields there can be space charge 
limitations that can restrict emission and create a difference in potential between the 
saturated probe and the plasma.  This can be avoided by having a flament with a 
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where B is the magnetic field in gauss, Te is the electron temperature in eV, and df is the 
filament diameter in cm. 
 
5.5.2 Probe Construction 
The probe tip is constructed using a 0.127 mm diameter thoriated tungsten wire 
filament inserted into a 12 cm long double bore ceramic tube with a 1.5 mm outer 
diameter and 0.375 mm diameter bores.  The filament is bent around a 0.75 mm diameter 
stainless steel rod to ensure a rounded edge.  A drawing of the probe tip geometry is 
shown in Figure 55.  Inserted in the other end of both bores is 28 gauge copper wire with 
Kapton insulation, which is wedged against the tungsten to create a mechanical 
connection.  The ceramic tube is inserted into one bore of a 4.65 mm outer diameter 
double bore tube with a bore diameter of 1.5 mm.  This larger ceramic tube is then fed 
into a G-10 tube that is 14.3 mm in outer diameter and 4.76 mm in inner diameter.  The 
G-10 tube fits inside an aluminum sleeve that is welded to an RF compensation box and 
secured with a set screw.  The interface between tubes is sealed using fiberglass tape 









Figure 55.  Emissive probe tip geometry. 
 
The RF compensation box serves to choke any AC signal from contamina ing the 
probe signal while allowing any DC signal to pass unimpeded.  While t e plasma 
potential is expected to oscillate in an RF plasma, it is the tim -averaged DC component 
that is responsible for ion drift and therefore is the value of interes .77  The two copper 
wires from the emissive probe tip are connected to a custom high temperature terminal 
made of aluminum and Teflon.  The other side of the terminal is conneted to two 22 
gauge high temperature wires that are wrapped around ferrite toroids to create an RF 
choke.  Each choke consists of a 1.27 cm inner diameter, 2.54 cm outer diameter series M 
ferrite from National Magnetics Group with 25 windings of the signal wire.  At 13.56 
MHz each choke provides an impedance of 5600 Ohms.  Selection of the ferrite and the 
calculation of the impedance are detailed in Section 3.3 of Appendix D.  The other end of 
the high temperature wire is connected to a BNC jack that is isolated from the box 
chassis.  Figure 56 shows a picture of the interior of the RF compensation box.  The 
chassis itself is left floating, and the compensation box is mounted o  a G-10 bar with a 
2.54 x 2.54 cm cross section that is 60 cm long.  The G-10 bar is then mounted n an 
aluminum arm mounted on the two axis motion table.  G-10 is used in place of a 
conductive material to eliminate the impact a grounded conductor would have on the 





Figure 56.  RF compensation box. 
 
 
Figure 57. Complete RF-compensated emissive probe. 
 
5.5.3 Measurement Circuit 
The two leads of the emissive probe are connected to a DC power supply that is 
floated using an isolation transformer.  A 25W, 0.1 Ω resistor is placed in series on each 
leg of the probe to provide for a low resistance current shunt to measure the heater 
current.  A resistor is placed on both sides of the circuit to maintain similar resistance on 
each.  The potential of each side of the probe is measured relative to ground through a 1 
MΩ load resistor using an Agilent 34970A data acquisition unit that has an internal 
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Figure 58. Emissive probe measurement circuit. 
 
5.5.4 Data Analysis 
Ideally, the emission of electrons from the tungsten filament should eliminate the 
sheath around the probe tip.  In practice, the temperature of the emitt d electrons is set by 
the temperature of the wire, which is much lower than the electron temperature of the 
plasma.  This creates two electron populations: cold emitted electrons and hot plasma 
electrons.  The two populations create a double sheath at the probe tip, which reflects 
some emitted electrons back into the probe and some plasma electrons away from the 
probe.  The result is that the measured probe potential is actually slightly below the 
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The uncertainty of the corrected plasma potential is ±0.9 kTe/e.
78,79  An additional 
uncertainty is added by the presence of a finite potential drop acss the filament to drive 
the heater current.  The value varies with each probe due to minor differences in probe 
construction.  The voltage drop ranges from 6.59-10.3 V, which gives on average an 
uncertainty of ±4.36 V. 
 
5.6 Langmuir Probe 
 
A Langmuir probe is a conductive electrode inserted into a plasma for diagnostic 
purposes.  While Langmuir probes have many variations in electrode shape and number, 
the simplest form is a single cylindrical rod.  Langmuir probes ar  primarily utilized by 
applying a varying bias on the electrode and measuring the collected plasma current.  
From this I-V trace the plasma density, temperature, and potential can be determined.  
However, this process is time-consuming to conduct and calculation-in e s ve to process.  
A floating emissive probe can measure the plasma potential more accurately and 
conveniently, but cannot alone determine density or temperature.  However, if an 
emissive probe is used in conjunction with limited Langmuir probe measur ments, the 
parameters can be determined. 
 
5.6.1 Theory of Operation 
To determine electron temperature and density, there are two measurements that are 
needed: the floating potential and the ion saturation current.  The floating potential is the 
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potential the Langmuir probe reaches in the plasma with no applied bias or path to 
ground.  The electron temperature can be estimated by comparing the plasma potential 
measured by the emissive probe to the floating potential, since the differ nce in potentials 
is the sheath potential of the sheath surrounding the probe tip.  Substituting the difference 
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The uncertainty with this method is ±17%.79 
The ion saturation current is the current the probe collects when it is biased 
sufficiently negative relative to the plasma such that all electrons are repelled.  Since the 
electron temperature ranges from 2-12 eV, the probe is saturated as long as it is at least 
60 V below the plasma potential.  Since the ion current collected is the Bohm current 
through the sheath from the bulk plasma, the plasma density can be determin d using 
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5.6.2 Probe Construction 
Since each point of data from the Langmuir probe must correspond to the sam  
location for each point of the emissive probe, the Langmuir probe uses the emissive 
probe architecture and simply replaces the tip.  Instead of the tungsten filament and the 
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1.5 mm diameter ceramic double-bore tube, a 0.76 mm diameter 304SS rod extends out 
of the same bore of the 4.65 mm diameter double-bore ceramic tube.  The rod is soldered 
to a wire that runs to the RF compensation box, passes through one of the RF chokes, and 
is connected to a shielded coax cable.  In order to have a defined probe area, only 7.37 
mm of the rod is exposed to the plasma; the rest is insulated using Kapton.  The probe is 
mounted to the motion table in the same manner as the emissive probe and measurements 






















The EHT is intended to evaluate the ion acceleration capability of the helicon plasma 
source as a single-stage device.  Chapter II revealed the operating parameters that can be 
used to control the EHT are RF power, RF frequency, magnetic field strength, and 
propellant flow rate.  Furthermore, the characteristic of interest for evaluating the plasma 
plume structure compared to the ion energy distribution is the plasma potential.  
Additionally, measurements of the ion number density and electron temperature inside 
the discharge chamber are needed to calculate the ion production cost of the GHIT.  
This chapter presents the performance evaluation of the EHT and measurements of 
the plasma characteristics inside the helicon discharge chamber and the downstream 
plume.  The ion acceleration performance metrics used are ion energy, ion beam current, 
and beam divergence half angle.  The measured plasma characteristics are plasma 
potential, electron temperature, and ion number density.  Thrust, specific impulse, and 
efficiency are also measured to quantify thruster performance capability and to compare 
against the contribution by ion acceleration.  The EHT has an average be m divergence 
half angle of 82º, beam currents in the range of 7-47 mA, and 20-40 eV ion energy.  The 
downstream plume structure is highly dependent on the axial magnetic field strength.  
Conical regions of high plasma potential and electron temperature form off the discharge 
chamber wall and extend downstream.  The size and intensity of these regions increases 
as the axial magnetic field increases.  Further analysis of these regions is done in Chapter 
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VII, but initial estimates of the thrust contribution due to ions show that very little power 
is spent accelerating ions.  Instead, the EHT most likely produces thrust through thermal 
expansion of the propellant collisionally heated by the plasma. 
 
6.1 Thrust Performance 
 
The first steps in evaluating thruster performance are to measure the thrust of the 
device and calculate the specific impulse and thrust efficiency.  These parameters are 
used to characterize the energy expended accelerating ions compared to ion production 
and thruster losses.  In the specific case where a helicon double layer thruster is under 
evaluation, there is considerable interest in the thrust efficiency since the design has no 
direct control over the acceleration mechanism.  Therefore, it is important to determine 
what effect the operating parameters have on the efficiency, as that would suggest which 
parameters could control the ion acceleration mechanism. 
 
6.1.1 Thrust Measurements 
To begin, a preliminary survey is conducted varying RF frequency, RF power, axial 
magnetic field strength, and mass flow rate.  The results, shown in Figure 59 and Figure 
60, reveal two observations.  First, there is little discernable change in the thrust as the 
operational parameters are varied, given the average uncertainty of ±1.9 mN.  The 
observed effects of the magnetic field or mass flow rate are almost completely within the 
measurement uncertainty.  Only varying the RF power has any impact greater than the 
measurement uncertainty.  The second observation is thrust is rather low for the power 
used.  As a comparison, the thrust-to-power ratio of a T-220 Hall Effect thruser is at least 
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50 mN/kW,64 while the observed thrust-to-power for the helicon thruster is at best around 
8 mN/kW.  To confirm whether this is an indicator of low ion acceleration, the thrust 
efficiency must be examined. 
 
















































Figure 59. Helicon thrust with varying RF power and magnetic field at 11.9 MHz (left) and 13.56 

















































Figure 60. Helicon thrust with varying RF power and magnetic field at 11.9 MHz with 3.0 mg/s (left) 
and 4.5 mg/s (right) argon flow rate. 
 
6.1.2 Thrust Efficiency 







=η           (6.1) 
 
where T is the thrust, ṁ is the mass flow rate, and Pin is the total input power.  The total 
input power consists of the RF power propagated through the antenna, the RF power lost 
in the transmission line, and the power used to run the solenoids.  The latter two are 
dependent on the specific experimental setup used, so for the sake of comparis n to other 
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work only the transmitted RF power is used in Equation (6.1).  As a remind r, the 
transmitted RF power is determined by measuring forward power at the amplifier and 
correcting for power losses in the cable up to the antenna.   
Figure 61 through Figure 63 show the calculated efficiencies.  As expected from the 
low thrust-to-power ratio, efficiency is very low and suggests that very little of the power 
expended is spent accelerating ions.  Another observation is that wi  he exception of 
two cases at high RF power and 450 G and one case at low power and 150 G, thrust 
efficiency is largely independent of every operating parameter.  While a weak 
relationship between the thrust efficiency and either magnetic field or power is 
observable, it is within the uncertainty of the data.  This further suggests that the ion 
acceleration mechanism for the helicon is at best only weakly affected by the operating 























Figure 61. Helicon thrust efficiency as a function of power and magnetic field.  1.5 mg/s argon, 

























Figure 62. Helicon thrust efficiency as a function of power and magnetic field.  1.5 mg/s argon, 























Figure 63. Helicon thrust efficiency as a function of argon mass flow rate.  350 G, 11.9 MHz, 2.0-
2.6x10-5 Torr-Ar. 
 
6.1.3 Helicon Specific Impulse 










where g is acceleration due to gravity.  The specific impulse of the device is shown below 
in Figure 64 through Figure 66.  As before, specific impulse is largely independent of 
operating conditions except for mass flow rate.  The 1.5 mg/s cases at RF power above 
600 W show an increase in specific impulse that is beyond the range of uncertainty.  This 
suggests two possibilities: either the amount of energy deposited into the ions increases 
as the mass flow rate decreases, or the ion energy is largely unaffected and the increase in 























Figure 64. Helicon specific impulse as a function of  RF power and magnetic field.  1.5 mg/s argon, 


























Figure 65. Helicon specific impulse as a function of RF power and magnetic field.  1.5 mg/s argon, 























Figure 66. Helicon specific impulse as a function mass flow rate and RF power.  350 G, argon, 11.9 
MHz, 2.0-2.6x10-5 Torr-Ar. 
 
In order to determine how the ions are accelerated, an  thus determine the cause for 
the low thrust and thrust efficiency, the downstream plume of the thruster must be 
investigated.  While the specific impulse can determine average exit velocity, it cannot 
determine the actually ion energy distribution.  For this, a retarding potential analyzer is 
used.  Prior to this, the structure of the plume must be determined in order to determine 
the direction of the ion velocities.  While an ideal thruster has the majority of the ion 
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beam focused on the device centerline, this is not yet confirmed.  Hence, measurements 
of the beam current density are required. 
 
6.2 Plume Beam Current Density  
 
Figure 67 illustrates the geometry of the Faraday probe sweeps, while Figure 68 
shows a plot of the plume current density profiles.  Rather than the central peak of a 
collimated beam, the plume of the helicon is very broad with peaks at the wings, located 
at approximately 60º and -70º.  The current density d stribution is characterized by 
asymmetry, not only in the angular location of the peaks, but also in the height and 
number of the peaks.  The 600 W, 150 G case has only one peak at -70º, while the 600 
W, 50 G case has three distinct peaks: 60º, -70º, and an additional peak at -26º.  The 343 
W, 150 G case has no distinct peak at all and appears as a broad dispersion.  Furthermore, 
where the 60º peak is observed, it is the largest.  This is marginal in the 50 G case, but 
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Figure 68. Current density profiles as a function of power and magnetic field.  Probe is 50 cm 
downstream, 13.56 MHz, 1.5 mg/s Ar, 1.6x10-5 Torr-Ar. 
 
Quantifiable metrics to describe the beam divergence are difficult to obtain in this 
situation, as a beam half-angle generally assumes a central plume structure.  A central 
assumption in the analysis procedure outlined in Section 5.3 is radial symmetry.  Figure 
68 shows that neither assumption is valid for the data collected.  Likewise, the Faraday 
probe generally overestimates beam current due to charge-exchange effects.  However, in 
the absence of any alternative for qualitative comparison, these metrics will suffice.  The 
beam half angles and beam currents for the five operating conditions are shown in Table 
1.  While the half-angle is not an ideal metric in this circumstance, the large values 
observed demonstrate quantitatively the broad structu e of the plume.  More importantly, 
the calculated beam currents show that the helicon does create an ion beam of significant 




Table 1. Beam half-angle and beam current. 
Case Ib (mA) α90 (deg) Uncertainty (%) 
343 W, 150 G 7.20 84 12.2 
600 W, 150 G 12.4 83 15.5 
343 W 350 G 17.2 79 21.1 
600 W 350 G 20.2 80 18.8 
600 W 50 G 46.7 83 12.9 
 
 The lack of a centerline peak and the presence of large peaks on the wings strongly 
suggest that the ions are accelerated with a high degree of divergence.  However, one 
consideration that must be taken when using a Faraday probe is the effects of charge-
exchange collisions.  A charge-exchange (CEX) collisi n occurs when an ion collides 
with a neutral and transfers charge while maintaining kinetic energy.  This is problematic 
in thruster plume measurements, as a fast ion and a slow neutral become a fast neutral 
and a slow ion.  The CEX collision also results in a random direction of travel for the 
slow ion, which statistically will favor the wings, rather than the centerline.80   
For devices where the current density peaks on the center, such as an ion engine, 
CEX causes the measured current density on the wings to be higher and slightly lower 
along the center.  However, since no discernible centerline peak exists in Figure 68, the 
goal is to determine to what extent the measured current density at these peak locations is 
due to CEX collisions.  The most direct approach is to measure the energy distribution of 
the ions at these locations.  Ions that are accelerat d from the helicon at the wide angles 
measured will have an energy corresponding to the pot ntial drop from the helicon to the 
location of the probe.  In contrast, CEX ions will be closer to the plasma potential, since 
they are ionized further downstream and do not have the kinetic energy of the incident 
ion.  Therefore, RPA measurements at the above thre angles, along with the centerline 
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for comparison, are needed to quantify the contribution of CEX to the current density at 
the wings.  
 
6.3 Ion Energy Distributions 
 
The ion energy distributions are plotted below in Fgure 69 to Figure 73 at each 
angular position of interest.  A key value in energy distributions is the most probable 
energy, which is the voltage where the IEDF is locally maximized.  Each relative 
maximum corresponds to an ion population distributed about that specific energy.  The 
energy distributions for the helicon generally have two such relative maxima, or peaks.  
The first peak in each distribution corresponds to the plasma potential at the location of 
the RPA collector.14,17-19  Since the collector is grounded, ions at the plasma potential will 
be accelerated by the potential drop between the plasma and the collector, despite not 
contributing to the ion beam.  Higher potential peaks correspond to accelerated ion 
populations.  For each test case, the potential of the first peak is very similar between 
angular positions.  Since each position is 50 cm downstream of the exit plane, this 






















Figure 69. Ion energy distribution at varying angular positions 50 cm from the exit plane.  343 W, 


















Figure 70. Ion energy distribution at varying angular positions 50 cm from the exit plane.  600 W, 





















Figure 71. Ion energy distribution at varying angular positions 50 cm from the exit plane.  343 W, 
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Figure 72. Ion energy distribution at varying angular positions 50 cm from the exit plane.  600 W, 




















Figure 73. Ion energy distribution at varying angular positions 50 cm from the exit plane.  600 W, 
50G, 1.5 mg/s Ar, 1.6x10-5 Torr-Ar. 
 
A notable trend is the distinction between the different magnetic fields.  For both 
powers at 150 G the first ion population is much larger than the accelerated ion 
population.  At 350 G the accelerated ion population is of a similar size or larger than the 
plasma potential population.  The 50 G case differs greatly from the other tested 
conditions, with a large population near ground in addition to the two populations 
corresponding to the plasma potential and the accelerat d ions.  The 50 G case is 
examined individually at a later point, and is excluded from the following discussion. 
A closer examination of the most probable ion voltages, shown in Table 2, yields two 
additional trends of interest.  For the same magnetic fi ld, the first peak, representing the 
most probable voltage of the plasma potential, is approximately constant across both 
angular position and RF power.  The maximum variation among the set is 5.5 V, which is 
only about 2 V larger than the uncertainty of the masurements.  Similarly, for the same 
RF power, the second most probable voltages are very similar and within the uncertainty 
of the RPA.  The exception is that the most probable voltage on the centerline is 
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approximately 10 V higher than on the wings.  In addition, for both cases at 350 G, -70º, 
a third ion population is observed at the same energy as the ion beam on the centerline.  
This third ion population is smaller than the other two and suggests that the mechanism 
that reduces the ion beam energy on the wings does n t affect a portion of the ions on that 
side. 
 
Table 2. Most probable ion voltages 50 cm downstream 
PRF (W) B (G) θ (º) Vmp1 (V) Vmp2 (V) 
0 44.5 ± 1.7 81.0 ± 3.2 
60 45.0 ± 1.8 71.0 ± 2.9 150 
-70 49.5 ± 2.6 73.0 ±3.8 
0 60.5 ± 2.3 87.0 ± 3.4 
60 57.5 ± 2.4 76.5 ± 3.2 
343 
350 
-70 55.0 ± 2.2 74.0 ± 3.0 
0 47.5 ± 1.8 89.0 ± 3.4 
60 47.5 ± 2.1 81.0 ± 3.6 150 
-70 50.0 ± 1.9 80.5 ± 3.1 
0 56.5 ± 2.3 90.5 ± 3.7 
60 60.5 ± 2.4 81.0 ± 3.2 
600 
350 
-70 57.0 ± 2.2 80.0 ± 3.1 
 
6.3 Plasma Potential 
 
As outlined in Section 5.5 and 5.6, the most accurate method to measure the plasma 
potential with a floating emissive probe requires a correction for the electron temperature.  
The electron temperature is estimated by comparing the measured plasma potential to the 
floating potential measured with the Langmuir probe.  Density can likewise be estimated 
using the measured ion saturation current and the electron temperature.  Since calculation 
of these parameters involves multiple measurements at the same position, the position of 
the measurements must be consistent between experiments.  All three measurements – 
plasma potential, floating potential, and ion saturtion current – are taken every 2 mm in 
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the radial direction at different axial positions.  A graphical representation of the 



























Figure 74. Spatial representation of probe measurements.  Red lines denote radial sweeps with 
measurements taken every 2 mm. 
 
Contour plots of the plasma potential of each operating condition are shown below in 
Figure 76 through Figure 80.  With the exception of the 50 G case, the plots all share the 
following similarities.  Inside the discharge chamber the plasma potential is minimized 
near the centerline of the device and maximized near the walls.  Radial profiles at the exit 
plane, which run closer to the walls, show that the plasma potential decreases just before 
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the wall, which is consistent with the pre-sheath region of the wall plasma sheath.  Figure 
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Figure 75. Radial plasma potential profile at the exit plane as a function of RF power and magnetic 
field.  1.5 mg/s Ar, 1.6x10-5 Torr-Ar. 
   
Another similarity between the first four operating conditions is the highest plasma 
potential is located near the exit plane close to the walls of the discharge vessel.  
Downstream of the exit plane, the potential profile diffuses to a far-field value of 
approximately 59 V with negligible radial variation.  Beyond these similarities, there are 
several varying characteristics in the contours that can be grouped by the axial magnetic 
field.  The 50 G case is unique and shares very little with the other four cases beyond the 






















































































Figure 77. Plasma potential contour at 600 W, 150 G, 1.5 mg/s Ar, 1.6x10-5 Torr-Ar. 
 
The two cases at 150 G share a similarity where the region of highest plasma 
potential is focused more towards the centerline of the device.  This creates a convex 
region of high plasma potential immediately downstream of the exit plane.  The primary 
difference between the two cases is that in the 600 W case the plasma potential is 
typically higher than in the 343 W case, with a difference in maxima of approximately 20 





















































































Figure 79. Plasma potential contour at 600 W, 350 G, 1.5 mg/s Ar, 1.6x10-5 Torr-Ar. 
 
In contrast to the convex region of high plasma potential seen in the 150 G test cases, 
the 350 G data demonstrates a diverging annulus of high plasma potential around the exit 
plane of the discharge.  This creates a converging-diverging structure out of the plasma 
potential centered on the exit plane of the device.  As before, increasing the power 










































Figure 80. Plasma potential contour at 600 W, 50 G, 1.5 mg/s Ar, 1.6x10-5 Torr-Ar. 
 
The 50 G case is distinct from the others in that tere is no overall structure to the 
plasma potential either at the exit plane or downstream of it.  Aside from some radial 
asymmetry inside the discharge chamber, the potential evenly diffuses downstream in an 
approximately spherical manner.  Another difference between the 50 G case and the 
higher magnetic field tests is the far-field plasma potential is nearly 20 V lower for the 50 
G condition. 
Measurements are also taken along center line of the device in 2 mm intervals at each 
operating condition, shown in Figure 81.  The axial profiles demonstrate the same 
approximate shape between tests at the same magnetic field.  The cases at higher power 
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show a higher plasma potential at each position compared with the lower power case at 
the same magnetic field.  This further suggests that the magnetic field sets the plasma 
potential shape, while the RF power controls the magnitude. 
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Figure 81. Plasma potential along the center line, 1.5 mg/s Ar, 1.6x10-5 Torr-Ar. 
 
6.4 Electron Temperature 
 
The floating potential, and thus the calculated electron temperature, is determined at 
the same measurement locations as in Figure 74.  The contours of the electron 
temperature, shown below in Figure 82 through Figure 86, reveal the following traits 
common between all operating conditions.  The firstsimilarity is that inside the discharge 
chamber the electron temperature has a similar shape as the plasma potential, in that the 
radial profiles have the minima near the center and maxima near the walls.  The second is 
that the electron temperature is lower inside the discharge than downstream of the exit 
plane.  The third is that in all five contours the emperature is high in the region near the 
wall of the exit plane of the discharge chamber andin a conical region outwards and 
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downstream of the exit plane.  As with the plasma potential, further comparisons of the 
























































































Figure 83. Electron temperature contour at 600 W, 150 G, 1.5 mg/s Ar, 1.6x10-5 Torr-Ar. 
 
The two 150 G cases are distinguished by the downstream region of high temperature 
extending radially inward 100-200 mm downstream of the exit plane.  It is worth noting 
that the 600 W case does not have the same degree of adial symmetry in this region as 
displayed by the 343 W case.  The region immediately downstream of the exit plane for 
negative radial positions has a lower electron temperature compared to the positive radial 
quadrant.  Furthermore, the negative radial quadrant corresponds to negative angular 
positions in the Faraday probe scans.  It is observed that the 343 W, 150 G case has no 
observable peak in the current density distribution, while the 600 W, 150 G case has no 
peak at positive angles, and one peak at -70º.  This asymmetry in the electron temperature 
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at 600 W could potentially explain the observance of only one peak, as any affect that the 























































































Figure 85. Electron temperature contour at 600 W, 350 G, 1.5 mg/s Ar, 1.6x10-5 Torr-Ar. 
 
In contrast to the 150 G cases, the two cases at 350 G have no regions of high 
electron temperature along the centerline.  While te temperature still increases along the 
centerline from within the discharge into the plume, the centerline always maintains a 
lower temperature than the radial region of 60-150 mm.  For the 350 G cases, the 
parabolic shape of the radial temperature profiles inside the discharge is maintained 
downstream.  The only change in the radial profiles with axial distance is as the axial 
position increases, the centerline increases while t e edges decrease as the profile relaxes 
to approximately uniform.  As is noted with the plasma potential, at both magnetic fields 






































Figure 86. Electron temperature contour at 600 W, 50 G, 1.5 mg/s Ar, 1.6x10-5 Torr-Ar. 
 
Figure 87 shows the axial profiles of the electron temperature along the center axis of 
the device.  All five profiles show the same basic hape of the electron temperature 
starting at relatively low values that increase furthe  downstream.  At some point past the 
exit plane, the electron temperature peaks, after which the temperature decreases 
monotonically as the axial position increases.  The profiles that share the greatest 
similarities are again those with the same magnetic field.  Increasing the RF power has 
two observable effects on temperature: it increases th  electron temperature relative to the 
lower power condition at the same magnetic field, and it decreases the axial position 
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where the temperature peaks.  It is worth noting that t e 150 G profiles peak closer to the 
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Figure 87. Electron temperature along the center line, 1.5 mg/s Ar, 1.6x10-5 Torr-Ar. 
 
6.5 Ion Number Density 
 
Figure 88 through Figure 92 show the electron number density contours for the five 
operating conditions tested.  All five operating conditions share similar radial profiles 
inside the discharge chamber seen before, except now the maxima are located along the 
centerline of the device, similar to Figure 7.  Additionally, the electron number density 
rapidly decreases downstream of the exit plane by more than an order of magnitude.  The 
50 G case is an exception to this, as the plume extends further downstream than the other 
four cases.  As a quantitative comparison, the plume length is defined as the distance 
along the centerline from the exit plane where the number density is 10% of the exit 
plane density.  Under this metric, the plume lengths for the 150 G and 350 G cases range 
from 157 to 172 mm, while the 50 G case has a plume that is 542 mm long, shown in 
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Table 3.  The density at the maximum distance downstream of the exit plane is also 




























































































































































































































Figure 92. Electron number density contour at 600 W, 50 G, 1.5 mg/s Ar, 1.6x10-5 Torr-Ar. 
 
Table 3. Helicon Plume Lengths 
Operating Condition Plume Length (mm) 
343 W, 150 G 162 
600 W, 150 G 157 
343 W, 350 G 167 
600 W, 350 G 172 
600 W, 50 G 542 
 
The contrast in the electron density between the first four cases and the 50 G case can 
be clearly seen in Figure 93, which shows the axial profiles of the electron number 
density.  While the most similarities between profiles are for the same magnetic field, the 
150 G and 350 G profiles exhibit a higher degree of similarity to each other as compared 
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with the 50 G profile.  In addition to the higher density, the 50 G profile has a larger 
decrease in density before the exit plane with a much smaller decrease downstream of the 
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Figure 93. Electron number density along the center line, 1.5 mg/s Ar, 1.6x10-5 Torr-Ar. 
 
6.6 Ion Thrust Contribution 
 
In order to evaluate the EHT compared to the GHIT, the thrust contribution due to ion 
acceleration must be determined.  Using Equation (4.1), the thrust generated through ion 
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v  { }pk VVk =|        (6.4) 
 
In Equation (6.4), Vj is the voltage of the j
th step of the voltage sweep, and xj is the value 
of the probability distribution function at that voltage.  The overall average ion velocity 
of each operating condition is the mean of the averag  ion velocity at the three angular 
positions.  Using the average ion velocities along with the results in Table 1, the thrust 
contribution by ion acceleration is calculated and shown in Table 4. 
 
Table 4. Ion thrust contribution and component parameters. 
Operation Conditions α (deg) Ib (mA) vi,avg (km/s) Tion (µN) 
343 W, 150 G 83.5 7.20 5.97 2.02 
600 W, 150 G 82.6 12.4 9.15 6.08 
343 W, 350 G 79.0 17.2 7.56 10.3 
600 W, 350 G 79.9 20.2 8.16 12.0 
 
The results show that ion contribution to thrust is several orders of magnitude lower 
than the measured thrust.  As a comparison, the cold gas thrust of the various propellant 
flow rates is in the range of 0.5-2 mN, as shown in Figure 94.  This shows that very little 
of the power coupled to the helicon is transferred to axial ion energy.  Even if the beam 
divergence factor is neglected, the ion thrust contribution only increases by a factor of 5-
8, which still results in a negligible thrust contribution.  The average ion velocity yields 
an expected specific impulse of approximately 600-9 s, but in practice the ionization 
fraction and beam currents are so low the thrust contribution from the ion beam is 
negligible.  It is much more likely that the primary thrust contribution is a combination of 
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collisional heating of the neutral propellant and the resulting thermal exhaust, along with 
electron back-pressure on the discharge chamber.81  The mean free path between ions and 
neutrals for momentum transfer would be on the order of a few centimeters, so significant 
thermal exchange between ions and neutrals should occur.  However, ions typically have 

























Figure 94. Cold gas thrust contribution of multiple tests as a function of mass flow rate. 
 
From these findings, it is clear that the EHT is not effective as a thruster.  It is 
possible that the EHT could be redesigned as an electrothermal thruster where the helicon 
plasma source is used to couple RF power to a plasma discharge to collisionally heat the 
propellant and expand it through a nozzle.  However, given that ion temperatures are 
generally below 1 eV, this is very little energy deposited into the ions compared to the 
15.76 eV required to ionize argon.  This would still result in a thruster characterized by 
low specific impulse and efficiency.  If a double layer is the ion acceleration mechanism, 
then it is characterized by small ion beam generation, large beam divergence, and low ion 
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energy.  Therefore, unless there is a way to directly alter the ion acceleration mechanism 
to adjust these parameters, the EHT is unsuitable for thruster application. 
 
6.7 Potential Trivelpiece-Gould Mode 
 
The 600 W, 50 G case has so far been removed from much of the analysis.  This is a 
result of the irregularities of the RPA measurements of the ion energy distributions.  The 
other four operating conditions have RPA I-V plots that are generally constant until the 
plasma potential, and then decrease in two major sections, denoting the two ion energy 
populations.  In contrast, the 600 W, 50 G case is characterized by an initial large 
decrease in ion current at low voltage, then a second drop in current without a clear 
region that would denote a distinct ion energy population.  Figure 95 shows a comparison 
of the 600 W, 50 G case and the 343 W, 150 G case, the latter of which is more 
representative of the expected behavior. 
 
343 W, 150 G


































 343 W 150 G
 600 W 50 G
 
Figure 95. Comparison of I-V sweeps between expected behavior (black line) and unusual behavior 
at 600 W, 50 G (blue line). 
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The initial drop in collected current in the 600 G, 50 G case is unusual, as it would 
suggest that there is a large population of ions clo e to chamber ground.  This stands in 
contrast to the emissive probe measurements, which show a plasma potential much 
higher than ground.  Another possible explanation is that the 600 W, 50 G case has a 
much higher plasma density 50 cm downstream compared to the other four cases, which 
might adversely affect the RPA grid sheaths.  However, even if this is the case, it does 
not explain the current decreasing at low voltages.  A  an example, if the sheath was too 
small on the electron repulsion grid, the RPA would not properly repel ions.  As the ion 
repulsion grid voltage increases, the sheath off of the ion repulsion grid would expand 
and merge with the electron repulsion grid sheath and allow for design electron repulsion.  
Yet this would cause the current to increase as electrons are repelled, not decrease.  
Likewise, if the ion repulsion grid is too small and expands as the voltage on the grid 
increases, it would only repel ions with energy less than the repulsion grid voltage.  This 
would still imply that a large number of ions are close to chamber ground.   
Likewise, even supposing the initial drop in collected current is due to some adverse 
reaction of the RPA and is ignored, there would still be two distinct drops in the 
collection current that denotes the two ion populations at the plasma potential and the 
beam potential.  Since these two populations cannot be clearly distinguished, analysis of 
the ion energy is difficult to perform and there is no definitive beam voltage that can be 
determined. 
Despite this, the 600 W, 50 G case is unique in that the plasma density is much higher 
than the other four operating conditions despite the observed trend of a higher magnetic 
field yielding increased ion density.  The most like y explanation is this operating 
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condition is in a Trivelpiece-Gould coupling mode, as TG coupled plasmas generally 
arise during operating at low magnetic field strengths.82,83  By operating at 50 G, the 
electron cyclotron frequency is decreased to close t  an order of magnitude higher than 
the RF frequency, which is a threshold to TG coupling.83  Further investigation of low 
magnetic field operation of the helicon plasma source is required to confirm TG coupling, 
but this mode shows potential for higher efficiency operation compared to higher 
magnetic field operation.  Figure 96 shows a comparison of operation at 600 W at 50 G 
and 350 G.  One interesting observation from Chapter VIII is that the GHIT operating at 
50 G does not observe a similar increase in ion density.  Therefore, it is likely that this 
mode is inhibited by the presence of the grids, possibly due to requiring quasineutral 
plasma flow out of the discharge chamber.  Despite the potential possibilities of this 
coupling mode, the beam current is still insufficient to justify the EHT as a thruster itself.   
 
 
Figure 96.  Operation of EHT at 600 W and 50 G (left) and 350 G (right).  The discharge plasma at 50 











In the preceding chapter, the ion acceleration performance of the EHT is presented 
and found to be characterized by low beam current, low ion energy, and high beam 
divergence.  The next step in the evaluation of the ion acceleration capability of the EHT 
is to determine the mechanisms responsible for the observed performance.  Since the 
EHT couples ionization and ion acceleration into a single stage, the most effective 
method is to examine the plasma plume structure for the primary mechanisms that act on 
the ions.  The plume structure is captured in contours f the ion number density, plasma 
potential, and electron temperature, measured in the previous chapter.  The first task is to 
compare the plasma potential structure to the ion energy distributions to confirm ion 
energy is dependent solely on the change in plasma potential.  The second task is to 
identify the primary forces acting on the ions during acceleration and compare them to 
the observed ion acceleration performance metrics.  
This chapter examines the measurements of the plume structure from Chapter VI to 
determine the source of the ion energy and any potential losses.  Calculation of the beam 
voltage using the ion energy profiles and the change i  plasma potential measured by the 
emissive probe is found to be in agreement.  The large beam divergence is found to be 
caused by radial electric fields downstream of the exit plane of the discharge chamber.  
These electric field lines follow the conical regions of high electron temperature and 
increase in intensity as the magnetic field is increased.  Simulation of the ion trajectory 
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using the measured plasma plume characteristics show t at an additional effect of 
increasing the magnetic field is to cause radial oscillations of the ions.  These oscillations 
arise from competing electric forces from the conical regions of high plasma potential 
that form off of the edge of the discharge chamber wall.  As the magnetic field increases, 
the potential in these regions increase and cause increased radial motion, which 
ultimately increases the ion path length.  The region where this is most prevalent overlaps 
the region of highest neutral density, which leads to collisional dissipation of ion energy.   
Ultimately this leads to a performance tradeoff with the magnetic field, as increasing 
the magnetic field increases ion density and beam current, but also increases beam 
divergence and collisional dissipation of ion energy.  Furthermore, the beam divergence 
is not strongly impacted by any other operating parameter, which demonstrates that the 
EHT does not have clear and direct control over the ion trajectories.      
 
7.1 Ion Energy Analysis 
 
For propulsive application of the helicon, there artwo primary operational metrics of 
interest: the beam current and the beam voltage.  The beam current is the number of ions 
accelerated out of the thruster per unit time and is a measure of the ionized propellant 
flow rate.  As such, thrust is directly proportional to the beam current.  The beam voltage 
is the total potential drop experienced by the ions accelerated out of the thruster and 
describes the energy deposited into each ion.  Table 1 from Chapter VI shows that the 
beam current from the helicon at every operating condition tested never exceeds 25 mA.  
The beam voltage, determined as the difference in potential between the two ion 
populations in the RPA scans, is found to be within e range of 19-42 V.  The maximum 
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thrust possible from ion acceleration using these values would be less than 0.15 mN, 
which suggests that the measured thrust is due primarily to electron pressure86 and 
thermal expansion of plasma-heated neutral gas, not io  acceleration. 
While the performance metrics demonstrate that the helicon plasma source is not an 
effective thruster, examination of the ion energies is worthwhile in order to determine the 
cause of the substandard performance compared to similarly sized thrusters.  The map of 
plasma potential for each operating condition provides an expected value for the beam 
voltage.  The decrease in potential as the plasma exp nds downstream creates an electric 
field equal to the gradient of the potential.  Normally, a plasma shields electric fields that 
occur using a sheath such that the bulk plasma does n t encounter the electric field.  In 
the case of the plume, the plasma is expanding to eventually contact the chamber wall (or 
disperse if in space) and can be thought of as one larg sheath.  More specifically, electric 
fields are present in regions of the plasma that are interacting with a boundary condition, 
and the plume is the interaction between the discharge plasma and the vacuum chamber 
wall (or the void of space) boundary condition.  Inthis circumstance, quasi-neutrality 
might not apply and is instead replaced with the stady-state requirement that the 
divergence of the flux of ions is equal to that of electrons.  By Poisson’s Equation, given 
as Equation (C.1), the change in plasma potential is caused by small variations in the 
balance of the electron and ion number densities. 
The result is that the downstream structure of the plasma potential creates a favorable 
potential gradient that accelerates the ions.  The electrons are accelerated through 
ambipolar diffusion in order to maintain equivalent particle flux divergence, which 
applies an equivalent retarding force on the ions.  Due to the large mass difference 
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between the ions and electrons, the change in ion energy is negligible.  Therefore, the ion 
energy should be similar to the change in plasma potential from inside the discharge 
chamber to the measurement location of the RPA.  Since no measurements of the plasma 
potential are made in the radial direction beyond -60 mm, radial symmetry is assumed 
and the plasma potential at -70º is equal to that at 70º.  While the plasma inside the 
discharge chamber is not fully symmetric, at 50 cm downstream the contour is 
considerably more symmetric, justifying the assumption.  The origin point for the plasma 
potential is selected as the point on the center axis furthest into the discharge chamber, 
which for most cases is -200 mm upstream of the exit plane.  The beam voltage is 
calculated as the difference in voltage between the second and first peaks in the ion 
energy distribution in Table 2.  Table 5 gives a summary of the beam voltages and the 
changes in plasma potential, and Figure 97 shows the data with respect to the 
measurement uncertainties.  The second value in parenthesis for the beam voltage in 
Table 5 denotes the beam voltage of the third population observed in those two locations. 
 
Table 5. Beam voltage and change in plasma potential between discharge chamber and RPA location 
PRF (W) B (G) θ (º) Vb (V) ∆Vp (V) 
0 36.5 ± 3.6 32.4 ± 9.3 
60 26.0 ± 3.4 27.2 ± 9.5 150 
-70 23.5 ± 4.6 31.9 ± 8.8 
0 26.5 ± 4.1 28.9 ± 8.6 
60 19.0 ± 4.1 24.3 ± 9.1 
343 
350 
-70 19.0 (30.0) ± 3.7 24.2 ± 8.6 
0 41.5 ± 3.9 39.5 ± 9.6 
60 33.5 ± 4.2 41.8 ± 9.4 150 
-70 30.5 ± 3.7 28.9 ± 8.8 
0 34.0 ± 4.4 42.6 ± 9.0 
60 20.5 ± 4.0 46.7 ± 8.5 
600 
350 
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Figure 97. Beam voltage and change in plasma potential between the discharge chamber and the 
RPA location as a function of RF power, magnetic field, and angular position.  Closed markers 
denote beam voltage measurements using the RPA, and open markers denote the change in plasma 
potential measured by the emissive probe.  Angular positions for all measurements are either -70º, 0º, 
and 60º, separation of data points at these positions is done for clarity. 1.5 mg/s Ar, 1.6x10-5 Torr-Ar. 
 
There is overall agreement, as the differences between the beam voltage and the 
change in plasma potential for most cases are within the uncertainty of the measurements.  
In particular, there are two observations: first, the beam voltage measured by the RPA is 
lower at -70º and 60º than on centerline by 8-13 V, depending on the operating 
conditions.  Second, the change in plasma potential is independent of angular position 
within the measurement uncertainty, except for the 600 W, 150 G case.  This suggests 
that for ions exhausted at an angle, some of the energy gained from the drop in potential 
is dissipated.  For all but the 600 W, 350 G case, this loss of energy ranges from 1-8 V, 
which is within the uncertainty of the measurements.  In three cases at 150 G, the beam 
voltage measured by the RPA is 1-4 V higher than what is measured with the emissive 
probe.  These cases demonstrate the systemic uncertai ty associated with conducting the 
same experiment at the same conditions but at different times.  In contrast, the 600 W, 
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350 G is a clear example where the difference between the measured beam voltage and 
the change in plasma potential is larger than the measurement uncertainty.  This supports 
the hypothesis that an energy loss mechanism occurs for ions at -70º and 60º, particularly 
at 350 G.  The cause for the energy loss for ions accelerated at an angle can be further 
investigated by examining the electric field in theplume region. 
 
7.2 Electric Field Effects 
 
Since the primary source of the ion energy comes from the plasma potential structure, 
the accelerating electric field can be determined from the negative gradient of the 
potential across the area of the contour.  The electric field is calculated using Newton’s 
Difference Quotient of the measured plasma potential.  Since the plasma potential is 
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Under the assumption that the plume is radially symmetric, there is no azimuthal 
variation of the plasma potential; therefore there is no azimuthal electric field.  Even if 
the plume does not have perfect radial symmetry, an variation in θ should be small 
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compared to variations in r and z.  Thus, only the radial and axial electric fields are 
considered. 
An example of the calculated electric field lines plotted over the plasma potential 
contour is presented in Figure 98.  One item to note from the overlay is the electric field 
has very strong radial components near the exit plane of the discharge chamber and in the 
region where r is greater than 100 mm.  The presence of these radial electric fields 
potentially explains the high degree of divergence within the plume, as an ion exiting the 
discharge chamber would encounter a large radial electric field unless it is near the 










































Figure 98. Plasma potential and electric field lines at 600 W, 350 G, 1.5 mg/s Ar, 1.6x10-5 Torr-Ar. 
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One particular structure in the electric field occurs at the radial position 75 mm, and 
axial position between 100 and 150 mm.  At this point, there is a cluster of electric field 
lines that turn from purely axial to mostly radial, nd some field lines turn back towards 
the thruster.  The cause of this field line cluster can be seen by overlaying the electric 
field onto the contour for the electron temperature, shown in Figure 99.  The field line 
cluster occurs at the high electron temperature region observed in the previous chapter.  
This region is most likely formed from high energy electrons escaping confinement on 
the magnetic field lines.  The lower energy electrons remain confined and are turned back 














































The above field structure would explain the high degre  of beam divergence in the 
600 W, 350 G case, and by extension the 343 W, 350 G case, as the two have similar 
electron temperature contours.  Any ion that enters the high electron temperature regions 
would be accelerated radially outwards, and for certain regions receive a negative axial 
component as well.  Conversely, at 150 G the high electron temperature regions are more 
broadly spread across the radius of the plume, as shown in Figure 100.  This suggests the 
electric field lines are more evenly distributed, which promotes a wide plume with ions 
emitted evenly across all angles.  The gap in this high electron temperature region in the 
negative radial position most likely explains why a current density peak occurs at -70º for 
this operating condition and not at 343 W, 150 G, which has a more symmetric electron 
temperature contour.  Unfortunately, since measurements are not available for that side of 













































Figure 100. Electron temperature and electric field lines at 600 W, 150 G, 1.5 mg/s Ar, 1.6x10-5 Torr-
Ar. 
 
This mechanism also explains the current density distribution of the 50 G case.  
Recall that while the 50 G case has distinct peaks, the relative values of the peaks 
compared to the centerline current density are not as disparate as in the 350 G cases.  At 
50 G, the electrons are only weakly magnetized and only a very small region of high 
electron temperature forms near the exit plane.  While t ese regions still direct some ions 
radially outward, it is much less pronounced.  Thus the current density distribution is 
generally even with a few regions of higher current.  The cause for the -26º peak is 
difficult to determine, as no data is available for that side of the plume.  However, it is 
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most likely the result of asymmetry within the electron temperature distribution.  It is 
worth noting that the central region of low electron temperature favors that side of the 
plume, so it is possible that this asymmetry causes th  -26º peak. 












































Figure 101. Electron temperature and electric field lines at 600 W, 50 G, 1.5 mg/s Ar, 1.6x10-5 Torr-
Ar. 
 
Thus far the discussion has been limited to a qualitative assessment of the observed 
contours of the plasma potential and the electron temperature with overlays of the electric 
field lines.  While the electric field is an important component in determining the ion 
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path, it does not describe the pathlines of the ions.  Therefore, in order to quantitatively 
discuss the effects of the operating conditions, the ion trajectories must be determined. 
 
7.3 Ion Trajectories 
 
There are two general approaches to modeling the expansion of the plasma into the 
plume: an Eulerian approach of solving the plasma flow using the magnetohydrodynamic 
(MHD) equations, and a Lagrangian approach of solving the momentum equations for a 
single ion in the plasma flow.  The Eulerian approach involves solving the equations to 
determine the entire plume structure and ion velocities using boundary conditions of the 
experimental data.  This method is difficult to conduct, as it requires solving a system of 
simultaneous equations for each point across the entire area of the plume.  Even if 
simplified to a 2-D problem, this would be a difficult task.  The Lagrangian approach is 
simpler, as it uses the data already measured to solve the momentum equations for a 
single ion placed at the exit plane of the discharge chamber.  The momentum equations 
can be iteratively solved through discrete time step  until the ion reaches the edge of the 
measured data set, recording the position at each time step.  This generates a pathline for 
the ion, and by solving for multiple starting positions, a sample of the ion trajectories can 
be generated. 
For this model, all variations in the azimuthal direction are neglected, as radial 
symmetry is assumed.  The ions are considered to be isothermal at 0.1 eV.  The 




















∂ ν  (7.3) 
 
Electron-ion collisions are neglected, as the large mass disparity results in negligible 
impact on the ion velocity.  The term on the left hand side of the equation is the material 
derivative, which is only used in the Eulerian approach.  This is easily converted to a 
Lagrangian system utilizing the definition of the total derivative.  The example below is 















































































































































































The collisional term is dropped since it applies to a bulk fluid element, not to an 
individual particle.  While ion-neutral collisions are no longer captured in the trajectory 
model, they should not be removed from qualitative consideration.  The azimuthal 
magnetic field term is also neglected; since the sol noids provide no azimuthal magnetic 
field, this field would only be induced by plasma currents.  The induced azimuthal 





0µ=×∇         (7.6) 
 







− µθ         (7.7) 
 
Ambipolar diffusion of the plasma exhaust requires a net zero charge flux, and since 
radial diffusion requires crossing magnetic field lines where electrons are bound, the 
diffusion rates of electrons and ions should be approximately equal.  This results in 
negligible azimuthal magnetic field.  As an upper bound estimate, even if the charge 
fluxes were not equal, the largest value the net current could reach is the case where both 
ions and electrons are at their thermal velocities (i. . ions are not accelerated, thus giving 
a large disparity in velocities).  As an example, integration along the centerline through 
the range of measured axial positions for the 343 W, 150 G case results in an upper 
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bound for the total induced magnetic field of approximately 8.5 G.  In practice, ambipolar 
diffusion results in a much lower value.   
Additionally, only motion in the r-z plane is modeled, as under the radial symmetry 
assumption any ion that drifts out of the plane of the page will be replaced by one drifting 
into the plane.  Furthermore, the ExB drift is small compared to the magnitude of the 
electric field, which means any azimuthal drift is negligible.  In essence, the model is a 2-
D projection of the ion pathlines through the plume.    
Equations (7.4) and (7.5) are solved iteratively in time steps of 5 µs, and the values of 
the plasma parameters are interpolated from the measur d data using bilinear 
interpolation.  The interpolated value of some parameter f at a position of (r,z) is given by 
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where r2 > r > r1, and z2 > z > z1, and the numbered coordinates correspond to position  of 































, =           (7.12) 
 
Most parameters of the model are set by the measured data of the plume, but there are 
a few assumed initial conditions.  The ions are assumed to start at an initial axial position 
of 5 mm past the exit plane of the discharge chamber.  This allows enough calculation 
space to determine if ions backstream into the discharge chamber or accelerate 
downstream.  A sample set of ions are modeled with varying initial radial positions, from 
-60 to 60 mm in 10 mm steps.  The ions are assumed to have an initial velocity equal to 
the average thermal velocity at 0.1 eV (approximately 500 m/s) in both the radial and 
axial velocity components.  Ions with a negative initial radial position are initialized with 
a negative radial velocity, and ions with a positive nitial radial position have a positive 
radial velocity.  All ions are assumed to have a positive axial velocity.  Variation of the 
initial velocities shows that the model is generally insensitive to initial ion energies 
within the range of reasonable estimates (less than 1 eV) due to the large electric fields.  


























Figure 102. Variation in simulated ion pathlines due to initial ion thermal velocity for 343 W, 150 G. 
 
The trajectories for a sample of ion initial positions are shown in Figure 103 through 
Figure 105.  Only one simulation per magnetic field is shown, as the shape of the data 
contours is strongly set by the magnetic field and other parameters are less significant.  
At 50 G the trajectories are evenly spread, though ions placed close to the walls near the 
high electron temperature region have highly radial tr jectories.  As the magnetic field 
increases, the trajectories begin to be focused more radially outwards, until at 350 G very 
few trajectories are primarily axial.  Some of the ions are found to be immediately 
accelerated back into the discharge chamber. This is caused by the ion’s initial position 
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Figure 103. Simulated ion pathlines for various init al radial positions at 600 W, 50 G. 
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Figure 105. Simulated ion pathlines for various init al radial positions at 600 W, 350 G. 
 
There are several noteworthy observations regarding the simulations.  Firstly, the 
momentum equation is heavily dominated by the electric field.  The temperature and 
density of the ions are low enough such that the pressure gradient term is smaller than the 
electric field term for the entire trajectory.  Secondly, the effect of the magnetic field on 
ion trajectories explains the behavior of the current density profiles in Figure 68.  At low 
magnetic field strength, the ions have a much more even distribution of resultant path 
angles.  Ions at the center tend to exit at an angle, and combined with a density 
distribution that peaks on the centerline, this results in current density peaks at these 
angles.  However, these current density peaks are smaller relative to the average current 
density compared to what is observed at other operating conditions.  At higher magnetic 
fields the ion trajectories become much more focused on these off-center angles, which 
results in the formation of large peaks relative to the average. 
A third observation is that the predicted trajectories are at angles less than the 60º as 
determined by the Faraday probe.  However, this discrepancy is due to the exclusion of 
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ion-neutral collisions in the model.  These collisions are most prevalent inside the 
discharge chamber and just beyond the exit plane.  Using a simulation of the neutral gas 
expansion out of the discharge chamber,84,85 the ion-neutral mean free path grows from 
approximately 50 mm at the exit plane to 150 mm at 50 mm downstream of the exit 
plane.  After this point the mean free path rapidly increases until the plume becomes 
effectively collisionless.  A plot of the mean free path as a function of position is shown 



































Figure 106. Simulated ion-neutral mean free path for 1.5 mg/s argon flow. 
 
Ion-neutral collisions will dissipate ion energy, eith r through momentum exchange 
or charge-exchange, although the momentum exchange collision cross section is larger 
for momentum exchange.86  As a result, the majority of collisional dissipation of ion 
energy will occur within the first 100 mm from the exit plane of the discharge chamber.  
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A closer view of this region for the three operating conditions is shown in Figure 107 
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Figure 107. Simulated ion pathlines for various init al radial positions near the exit plane for 600 W, 
50 G. 
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Figure 109. Simulated ion pathlines for various init al radial positions near the exit plane for 600 W, 
350 G. 
 
The region near the exit plane shows negligible net radial motion.  For the 50 G case, 
this is a result of the electric field having negligible radial components immediately 
downstream of the exit plane, excluding the small regions near the walls.  For the 150 G 
and 350 G cases, this is a result of the ions reflecting between the regions of high plasma 
potential that extends from the walls downstream.  The 350 G case in particular subjects 
ions to multiple reflections.  Thus ions in this region generally undergo a net axial 
acceleration, while any radial components are primarily dded further downstream near 
the regions of high electron temperature that occur 100 mm downstream of the exit plane 
and beyond.  Therefore, as ions exit the discharge chamber, collisional dissipation of ion 
energy primarily impacts the axial velocity of the ions.  This has an impact on the ion 
trajectories by increasing the relative size of the radial component, which increases the 
trajectory divergence angle from the centerline.  Therefore, the high beam divergence 
angle observed is most likely caused by a combinatio  of radial electric field lines 
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downstream of the exit plane and collisional dissipation of axial energy close to the exit 
plane. 
The oscillatory trajectories in the 350 G case also explain another discrepancy.  
Recall from Table 5 that the operating conditions that saw the greater disagreement 
between the beam voltage measured by the RPA and the ifference in plasma potential is 
at 350 G.  As seen in Figure 109, the 350 G is alsowhere the greatest amount of radial 
ion reflection occurs near the exit plane of the discharge chamber.  The electric field is a 
conservative force, which means the total energy gained by the ion is independent of the 
path taken.  This is quantified by the change in plasma potential between the inside of the 
discharge chamber and 50 cm downstream at the RPA.  However, collisional dissipation 
is non-conservative, which means that as the path length of the ion trajectory increases 
inside the region close to the exit plane, the amount f energy dissipated increases.  The 
ions accelerated out of the discharge chamber at 350 G have a much longer path inside 
this collisional region than at 150 G or 50 G.  Therefore, a greater amount of energy is 
lost, which explains why the ion that reaches the RPA has a lower energy than predicted 




There are three conclusions that can be drawn about the ion acceleration capability of 
the EHT from the measured behavior.  Firstly, the en rgy of the accelerated ions is equal 
to the change in plasma potential between the discharge chamber and the location at 
which the ion energy was measured.  This supports the assumption that the double layer 
is the ion acceleration mechanism of the EHT.  Additionally, ion energy can be dissipated 
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through ion-neutral collisions near the exit plane of the discharge chamber.  This is 
particularly prevalent at higher magnetic fields, where radial motions of the ions increase 
the total path length inside this collisional region before the ions exit at large angles to the 
axis of the device.   
The second conclusion is the gradient of the potential has a strong impact on the 
direction of the resulting ion velocity.  The electri  field in the plume structure is the 
primary force acting on the ions and is responsible for the large beam divergence.  
However, the shape of the plasma potential, and thus e electric field, is set by the 
magnetic field.  It is the magnetic field that determines the shape of the plume structure, 
while RF power is observed only to impact the intensity of the plume structures.  
The first two conclusions in combination yield the t ird conclusion: the EHT has very 
limited control of the ion acceleration using the available operating parameters.  While 
each operating condition has a demonstrated effect on the ion acceleration, the set of 
operational parameters available do not form a basis that can clearly control each 
performance metric.  A clear example of this is in the beam divergence half-angle, which 
only has a demonstrable dependence on the magnetic field.  At low magnetic field 
strengths, the plume diverges approximately evenly across all angles.  As the magnetic 
field strength increases, the ions are progressively d flected at large angles from the 
centerline.  Thus while the magnetic field can impact the ion trajectory, it cannot be used 
to optimize the performance metric of interest, the b am divergence half-angle.  
Furthermore, as multiple device characteristics demonstrate a dependence on the 
magnetic field, there is a tradeoff between operating parameters.  As an example, 
increasing the magnetic field strength is found to increase the ion number density, but at 
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the cost of decreasing ion energy and increasing beam divergence.  Thus, even if one 
performance metric could be optimized, it would require the other two metrics to be 











While Chapters VI and VII covered the performance and ion acceleration mechanism 
of the EHT, the next two chapters present the performance evaluation and analysis of the 
GHIT.  The inclusion of the grids in the device separates the ionization and ion 
acceleration processes, which now allows for individual evaluation of each.  In addition 
to the selected quantitative ion acceleration metrics of ion energy, ion beam current, and 
beam divergence half-angle, there is considerable importance to the qualitative metric of 
parametric control through the device operating conditions.  The design of the GHIT 
provides three more operating parameters that can be used to control the ion acceleration 
with the goal of achieving greater performance manipulation than what is observed with 
the EHT. 
 This chapter presents the performance measurements of the GHIT, both in regard to 
the discharge chamber and the ion plume.  The behavior of the discharge chamber 
ionization is quantified in the first section by the average ion number density and electron 
temperature that is estimated using the screen grid as a planar Langmuir probe.  The 
second section contains measurements of the individual thruster currents that are used to 
determine beam current and quantify behavior of the grid ion optics.  In the third section, 
the beam divergence is measured using a Faraday probe to evaluate beam collimation and 
overall ion trajectory.  The final section provides direct thrust measurements that are 
compared to the estimated thrust due to ion acceleration. 
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Thrust is found to be lower than predicted, primarily due to large ion losses to the 
grids.  The relative accel grid currents and screen-to-anode current ratios demonstrate that 
optimal grid perveance is only achieved for one operating condition at the lowest plasma 
density.  The under-focusing of the ions is a result of an insufficient potential drop across 
the grid and a spatially varying discharge plasma density.  However, those ions that are 
successfully focused into the ion beam are found to be successfully collimated into a 
cohesive ion beam.  The beam divergence half-angle is found to have a strong 
dependency on discharge voltage, which shows further increases in beam collimation can 
be achieved with further increases in the discharge voltage.  The operating conditions 
also demonstrate a high degree of control over bothionization and ion acceleration.  
 
8.1 Discharge Analysis 
 
While a thorough examination of the performance of the helicon plasma source has 
already been performed in Chapter VI, the ion number density and electron temperature 
measurements determined are not entirely accurate for the gridded thruster configuration.  
This is due to the grids decreasing the effective exit area for the propellant, thereby 
increasing the discharge pressure and the electron-neutral ionization collision frequency.  
However, these two parameters describe the plasma conditions inside the discharge, and 
as is discussed in Chapter III, the interaction betwe n the discharge plasma and the grid 
potentials determine the ion optics.  Therefore, new measurements of the ion density and 
electron temperature are required at each thruster op ating condition in order to allow 




8.1.1 Analysis Methodology 
The most direct method is to directly measure the discharge plasma parameters using 
an emissive probe or Langmuir probe, though the presence of the grids greatly increases 
the complexity of taking such a measurement.  One possible solution is to create a 
duplicate set of grids with a section removed to all w probe entry into the discharge.  
However, due to time and resource constraints, such an approach is not feasible.  An 
alternative approach is to use the screen grid as aplanar Langmuir probe to create an 
averaged estimate of the ion number density and the electron temperature.  Using this 
approach, the measurement can be done during the sam test as thruster performance 
measurements and only requires sweeping the screen grid potential and measuring the 
current collected by the screen grid. 
As discussed in Chapter III, when an electrode is immersed in a plasma, a sheath 
forms.  If the screen grid is biased below the discharge plasma potential, only a fraction 
of the electron flux incident on the sheath will have sufficient energy to traverse the 
adverse potential gradient and reach the screen.  In contrast, Equation (3.6) shows that the 
ion flux is independent of the sheath potential.  Thus as the screen grid potential is 
progressively biased below the anode potential the ion current will be constant while the 
electron current will decrease.  Assuming a Maxwellian electron population, the electron 



















where je,0 is the electron flux when the screen grid collects zero net current, and φs is the 
screen grid sheath potential.  The screen grid sheath potential is defined as 
 
( )fss VV −−=φ           (8.2) 
 
where Vs is the bias applied on the screen grid, and Vf is the screen grid bias required to 
collect zero net current (called the floating potential).  In Equation (8.2), the screen grid 
bias and the floating potential are defined as absolute values to mimic what is observed 
on the screen grid power supply using the thruster circuit in Figure 30.  While these two 
potentials are treated as positive quantities for simplicity, the screen grid sheath potential 
is a negative quantity by definition.   
As mentioned earlier, the ion flux to the sheath is invariant with the sheath potential 
and is equal to the Bohm current given in Equation (3.6).  The total current flux collected 















exp0,               (8.3) 
 
The ion saturation current, Isat, is the ion current collected by an electrode in the absence 
of an electron current and is the maximum current colle ted by the screen grid at the end 
of the I-V sweep.  Since the electron flux at the floating potential must equal the ion flux 
























II exp1         (8.4) 
 
The electron temperature is then estimated through the use of a least-squares curve fit of 
the I-V sweep of the screen grid to Equation (8.4).  The ion number density is then 
determined using Equation (3.6).  Due to quasi-neutrality, this value also describes the 
electron number density.  However, since the grid potential is much lower than at its 
designed point at full operation, the sheath is not a full Child-Langmuir sheath and 
therefore does not extend into the apertures.  Instead, the discharge plasma extends past 
the screen grid and is present on both sides of the screen.  Therefore the total collection 
area from the screen grid is unknown.  Instead, the discharge plasma density can be 
estimated using the anode current and collection area t the same screen grid voltage.  
This is sufficient, as the current to the anode must equal the current to the grid sheath to 




















n     (8.5) 
   
An example set of I-V sweeps at 150 G for several RF powers is shown in Figure 
110.  The saturation current can be clearly seen as the value asymptotically approached 


































Figure 110. Screen grid current as a function of grid bias at 150 G, 1.5 mg/s.  Note that the screen 
grid potential is below anode potential, but is defined as a positive quantity. 
 
It is important to note that this process only generates a single value each for the 
electron temperature and the ion number density.  However, as the results in Chapter VI 
show, the density and temperature are not necessarily constant along the exit plane of the 
discharge.  Therefore this methodology only results in an estimate of an effective average 
of the temperature and density.  There still remains the possibility that there is a finite 
density gradient along the plane of the grids and thus the perveance is not constant 
throughout the grid assembly.  This effective averag  is still sufficient for quantifying the 
change in discharge performance between operating co ditions, as the spatial average 
determines the maximum possible beam current that can be created from the discharge. 
 
8.1.2 Discharge Results 
There are four parameters that are varied to control the discharge plasma: the RF 
power, the axial magnetic field, the propellant flow rate, and the current through the 
anode coil.  While not every permutation of operating conditions is tested, the sample set 
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includes variations of each parameter with all other conditions constant.  The discharge 
test is performed with the anode biased 100 V above the cathode and no potential applied 
to the accel grid.  Figure 111 through Figure 115 show the results of the discharge 

































Figure 111. Discharge ion number density as a function of RF power and magnetic field.  1.5 mg/s 































Figure 112. Discharge electron temperature as a function of RF power and magnetic field.  1.5 mg/s 




























Figure 113. Discharge ion number density as a function of RF power and argon flow rate.  150 G, 1.4, 




























Figure 114. Discharge electron temperature as a function of RF power and argon flow rate.  150 G, 









































Figure 115. Discharge ion number density and electron temperature as a function of anode coil 
current.  500 W RF power, 150 G, 1.5 mg/s argon flow rate, 1.6x10-5 Torr-Ar chamber pressure. 
 
Across the tested operating conditions, the ion number density ranges from 1016 to 
1017 m-3 and the electron temperature varies between 5-10 eV.  The magnetic field has the 
largest impact on the ion number density, with an approximately linear correlation. The 
magnetic field also has a strong effect on the electron temperature, but it is not 
monotonic. Increasing the RF power provides slight ncreases in both ion number density 
and electron temperature.  Increasing the mass flow rate decreases the ion number density 
while also having a non-monotonic relationship with the electron temperature.  The 
anode coil has the smallest effect on the discharge plasma, with a four-fold increase in 
magnetic field increasing the density by approximately 10%.  The electron temperature is 
increased by a similar amount across the same range. 
The observed parametric effects on discharge performance are as expected.  
Increasing the magnetic field has such a strong impact on the ion density for two reasons: 
the first is that it decreases radial electron mobility which reduces electron losses to the 
walls.  The second reason is that confinement of the electrons to gyrations along the 
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magnetic field lines increases the overall path length traveled by an electron relative to 
axial distance traveled.  This increases the probability that an electron will collide with a 
neutral before reaching the anode.  Both of these mechanisms serve to increase ionization 
efficiency and the ion number density.  Conversely, increasing the propellant flow rate 
increases neutral density and thus increases electron-neutral ionization collision 
frequency.  However, the increased neutral density also increases ion-neutral 
neutralization collision frequency, as well as the frequency of electron-neutral collisions 
which increase radial electron mobility to the wall.  Due to these competing effects, 
increasing the neutral pressure does not affect the discharge to the extent of a change in 
magnetic field. 
The fact that the anode coil does not greatly increase discharge density or temperature 
is most likely due to the reliance on a magnetic mirror to restrict electron mobility to the 







⊥=µ        (8.6) 
 
where ⊥v  is the velocity of the electron orthogonal to the magnetic field line.  If the 
electron is restricted to the same magnetic field line, the magnetic moment is invariant; as 
the magnetic field strength increases, the orthogonal kinetic energy increases at the 
expense of axial velocity.  The electron is repelled when the axial velocity reaches zero.  
At this point, the orthogonal kinetic energy is equal to the total initial kinetic energy.  The 
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where the prime denotes values at the point of repulsion and θ is the pitch angle of the 
electron rotation around the magnetic field line.  An electron can pass through the barrier 
if the pitch angle is smaller than this critical value.  In velocity space, this creates a 
conical region of electron velocities that result in escaping the mirror, called a loss cone.  
The anode coil has such a small impact due to the fact collisions can alter the electron 
velocity and cause a confined electron to enter the loss cone.  Inside the discharge, the 
mean free path of an electron is on the order of a centimeter, which means collisions are 
likely to mitigate the effectiveness of the anode coil. 
One important note is that the discharge analysis is also useful for determining the 
ideal screen grid voltage required to prevent electron passage to the screen grid and 
ensure saturation.  From the data collected, a screen grid potential of 35 V below the 
anode is sufficient across all operating conditions a d is used for all further GHIT 
operation.   
 
8.2 GHIT Electrical Circuit  
 
The operation of the GHIT can be conceptualized as a circuit with currents flowing 
through the various sections that correspond to ion or electron collection.  One advantage 
that ion engines have over Hall effect thrusters is during operation the beam current can 
be explicitly known from the currents in the thruster circuit.  In a Hall thruster, the 
current collected by the anode is a combination of an electron current corresponding to 
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ions accelerated into the beam, and an electron current from the cathode that failed to 
collisionally ionize a neutral atom.  This second current is recycled through the discharge 
circuit and returned to the cathode, creating ineffci ncy and preventing an accurate 
determination of the beam current from the discharge current.  In an ion engine however, 
the presence of the negatively biased accel grid prevents any electrons from the 
neutralizer cathode from entering the discharge chamber.  Therefore any electrons 
collected by the anode must correspond to ions exiting the discharge, either through 
collection at the grids, or through acceleration into the beam.  Measurement of the 
thruster currents is therefore an accurate method to determine the beam current, which is 
an important metric of thruster performance. 
 
8.2.1 Electrical Circuit Measurement and Uncertainty 
The thruster circuit is a conceptualization of the schematic shown in Figure 30.  The 
discharge plasma is treated as a conductive element that connects the grids and the anode.  
The grids and the anode act as direct connections from the discharge plasma to the 
respective power supplies that provide the component potential.  The anode is assumed to 
collect only electrons, which results in a positive current into the discharge.  The grids are 
assumed to collect only ions, and thus are depicted as positive currents out of the 
discharge.  Any ion current that is not collected by either the screen or the accel grid is 
assumed to enter the plume as part of the ion beam.  This ion current must be neutralized 
by an electron current of equal magnitude from the cathode, which is connected to the 
discharge supply.  This electron current is represented as a positive current flowing to the 
discharge supply from the cathode.  The individual currents collected by the anode and 
the grids are determined by measuring the voltage across three resistor shunts.  The 
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resistances of the shunts for the anode, screen grid, and accel grid are 5.085, 5.095, and 
5.079 Ω, respectively.  Figure 116 shows the thruster circuit.  It should be noted that 
while the screen and accel grids are biased below the anode and cathode, respectively, 















Figure 116. GHIT thruster circuit. 
 
Using Kirchhoff’s junction rule at the discharge, the beam current, Ib, can be defined 
from Figure 116 as 
 
Asab IIII −−=            (8.8) 
 
The voltage across the resistor shunts are measured sing three Fluke 83 V 
multimeters.  The Fluke 83 V has an uncertainty of ±0.3% of the measured value for the 
measurement range used.  The shunt resistance is mea ured with an Agilent U1733C 
RLC meter with an accuracy of ±0.7% + 0.008 Ω for the 20 Ω range used.  The total 




8.2.2 Thruster Electrical Circuit Results 
Figure 117 shows an example plot of the individual thruster circuit currents as a 
function of discharge voltage.  The anode current is relatively constant throughout, 
increasing by only 2% across the range of the discharge voltage.  This is due to the anode 
current consisting only of electrons that are collected to balance the drift of ions into the 
grid sheath.  Whether the ions impact with the grids or contribute to the ion beam is 
irrelevant for the purposes of determining the anode current, as the electron current must 
equal the ion current to maintain quasi-neutrality.  Since the ion flux into the sheath is 
independent of discharge voltage and is set only by the discharge density and 
temperature, the anode current is expected to be constant.  The small increase is a result 
of the accel grid sheath progressively extending past the screen grid as the perveance 
decreases.  Recall from Chapter III that perveance decreases as the total potential drop 
across the grids increases.  Figure 18 through Figure 20 illustrate this small increase in 



























Figure 117. Thruster circuit currents as a function of discharge voltage.  600 W RF power, 100 G 
magnetic field, 1.5 mg/s argon, 35 V screen grid, 150 V accel grid, 1.6x10-5 Torr-Ar chamber 
pressure. 
 
Of the information presented in Figure 117, there ar  two performance metrics of 
interest: the beam current and the relative accel grid current.  The beam current is useful 
as it can be used to determine thrust using the equation shown below.  The relative accel 
grid current, defined as the ratio of the accel grid current to the beam current, is an 
important metric that describes the performance of the ion optics.  One of the goals of ion 
engine design is to minimize this value, as ion bomardment on the accel grid not only 
reduces beam current, but is also a leading cause of accel grid erosion and thruster 
failure.  Since the relative accel grid current is dependent on the ion optics, it is plotted as 
a function of the normalized perveance, defined in Equation (3.15), though the only 
parameter varied is the discharge voltage. 
For the sake of brevity, only a sample of the data is presented.  Figure 118 provides 
an example of how the beam current varies as the discharge voltage and the RF power are 
changed.  For all test cases, increasing either parameter increases the beam current, 
 
202 
though the effect does not always appear as linear as the case in Figure 118.  Figure 119 
shows the relative accel grid current plotted against the normalized perveance for the 


























Figure 118. Beam current as a function of discharge voltage and RF power.  100 G magnetic field, 1.5 






























Figure 119. Relative accel grid current as a function of normalized perveance and RF power.  100 G 




The first observation of Figure 119 is the relative accel grid current is not constant for 
the same normalized perveance.  As discussed in Chapter III, the ion optics is determined 
by the placement and shape of the accel grid sheath, which is set by the perveance.  Even 
though the discharge plasma density and temperature changes with the RF power, this 
would be captured in the normalized perveance as a change in beam current.  The 
expectation is that the ion optics, represented as the ratio of extracted ions striking the 
accel grid to beam ions, should be constant for anygiven normalized perveance.  
However, this assumes that the perveance is normalized at each aperture, or that the 
discharge plasma conditions are uniform across the grids.  As mentioned earlier, this is 
unlikely to be a valid assumption since the ion number density in the helicon without 
grids is not constant along the radius of the exit plane and the presence of the grids is 
unlikely to remove that radial dependency.  The most likely explanation is that as the RF 
power increases, the radial ion density and electron emperature distributions change, 
altering the distribution of local perveance at each perture.  The change in normalized 
perveance captured in Figure 119 reflects the change in overall ion optics as the discharge 
plasma changes with RF power. 
An example of where this effect occurs to a much smaller extent is shown in Figure 
120 and Figure 121.  In this data set, there is still variation of the beam current with RF 
power and discharge voltage, but the relative accel grid current as a function of 
normalized perveance is much more consistent.  Across the five magnetic fields tested, 
50, 100, 150, 200, and 250 G, the degree of similarity between the relative accel grid 
currents at the same magnetic field strength varies.  This suggests the change in the 
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Figure 120. Beam current as a function of discharge voltage and RF power.  150 G magnetic field, 1.5 






























Figure 121. Relative accel grid current as a function of normalized perveance and RF power.  150 G 





Further evidence of the effect of the magnetic field on the ion optics can be seen in 
Figure 122, which shows the relative accel grid current for each magnetic field at 600 W.  
The five curves are quite disparate and show no general trend with the magnetic field.  In 
contrast, Figure 119 and Figure 121 show either nealy identical shapes, or a distinct 
similarity between lines corresponding to differing RF power.  The marked difference in 
the response of the relative accel grid current to he two parameters shows that the 
magnetic field has the greater impact, while the RF power only slightly alters the shape of 
the plot, if at all.  Continuing the line of thought that variance in relative accel grid 
current for the same grid geometry is a result of changes in the discharge plasma spatial 
distribution, this suggests that the magnetic field has a greater impact on shaping the 

































Figure 122. Relative accel grid current as a function of normalized perveance and magnetic field.  





The magnetic field dependency of the ion optics distort  the impact the magnetic field 
has on the ion beam compared to expectations based sol ly on the results of the discharge 
analysis in Section 8.1.  As an example, the beam current for the same operating 
conditions as in Figure 122 is plotted in Figure 123.  From the data in Figure 111, and 
since ion current into the grid sheath is linearly proportion with density and only 
proportional to temperature by the square root, it would be expected that beam current 
should be monotonic with the magnetic field.  However, the data in Figure 123 shows 
that the beam current at 100 G is larger than the 150 G and 200 G cases.  This is not due 
to a larger than expected impact from the electron temperature variance with the 
magnetic field, as the ion current extracted by the grids (whether it strikes the accel grid 
or enters the beam) follows expectations much more closely, as shown in Figure 124.  
Despite having relatively low ion extraction from the discharge plasma, the 50 and 100 G 
cases have a relatively larger beam current due to their low relative accel grid current 
compared to the other cases.  Since proportionally fewer ions are lost to the accel grid 
compared to the higher magnetic field cases, the 50 and 100 G cases have a higher beam 





























Figure 123. Beam current as a function of discharge voltage and magnetic field.  600 W RF power, 






























Figure 124. Extracted ion current as a function of discharge voltage and magnetic field.  600 W RF 
power, 1.5 mg/s argon, 35 V screen grid bias, 150 Vaccel grid bias, 1.6x10-5 Torr-Ar chamber 
pressure. 
 
The impact of the propellant flow rates on the beam current and the relative accel grid 
current is shown below in Figure 125 and Figure 126.  The beam current trend closely 
follows expectations based on Figure 113.  The 0.73 mg/s case is performed as a test to 
determine if the trend of increased beam current from decreased propellant flow rate 
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continued, although such is not the case.  This suggests that as the propellant flow rate 
decreases beyond a threshold, the two competing mechanisms of electron-neutral 
collisional ionization and electron-neutral collision-induced wall losses begin to favor the 
electron-neutral collisional ionization.  Thus as neutral density is decreased from 1.0 mg/s 
to 0.73 mg/s, the ionization efficiency decreases and discharge density (and thus beam 
current) decreases.  Considering that the 0.73, 1.5, and 2.0 mg/s cases have nearly 
identical ion optics and 1.0 mg/s is rather unique, it is likely that at 1.0 mg/s the 
ionization efficiency is high enough to transition to another coupling mode.  This change 
in the coupling mode would alter the spatial distribut on of the discharge plasma density 


























Figure 125. Beam current as a function of discharge voltage and argon flow rate.  600 W RF power, 
150 G magnetic field, 35 V screen grid bias, 150 V accel grid bias, 1.4, 1.4, 1.6, and 1.7x10-5 Torr-Ar 

































Figure 126. Relative accel grid current as a function of normalized perveance and argon flow rate.  
600 W RF power, 150 G magnetic field, 35 V screen grid bias, 150 V accel grid bias, 1.4, 1.4, 1.6, and 
1.7x10-5 Torr-Ar chamber pressure for 0.73, 1.0, 1.5, and 2.0 mg/s flow rates, respectively. 
 
A final observation is that at all operating conditions there is a sizeable accel grid 
current.  The minimum relative accel grid current observed is 0.23 at 600 W RF power, 
50 G, 600 V discharge, and 1.5 mg/s.  Figure 122 shows that for all other operating 
conditions the relative accel grid currents are higher.  The first cause for the high relative 
accel grid currents for most operating conditions is the relatively low potential drop 
across the grids compared to the ion current from the discharge plasma.  As discharge 
voltage increases, the total potential drop between th  screen and accel grids increases, 
which decreases the perveance.  Since the relative cc l grid current decreases as 
perveance decreases, the thruster is clearly operating in the over-perveance condition.  
The expectation is as perveance is further decreased, th  relative accel grid current would 
reach a minimum, and then increase.  This minimum would mark the optimum perveance 
of the grids for the given discharge plasma.  However, this minimum is generally not 
observed, which indicates that further increases in the discharge voltage are required to 
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reach optimum perveance.  This increase in discharge voltage would reduce the relative 
accel grid current. 
While optimal perveance is not reached in general, it is l kely that optimal perveance 
is reached for the previously mentioned case at 600 W RF power, 50 G, 600 V discharge, 
and 1.5 mg/s.  The last two discharge voltage points, corresponding to 550 and 600 V, 
have nearly equal relative accel grid currents.  This suggests that optimal perveance 
occurs either at 600 V, or very close thereto.  However, this implies that even at optimal 
perveance the accel grid current is 23% of the ion beam current, which is still too high for 
long term operation.  This implies that a second cause for the high accel grid current 
exists, most likely the spatial variance of the discharge plasma density and temperature.  
The normalized perveance is an average over the entire grid assembly, which only gives 
the true perveance if the spatial distributions of the discharge plasma temperature and 
density are uniform.  Since this is not the case, the normalized perveance is a spatial 
average of the perveance of each aperture.  Thus when the relative accel grid current as a 
function of the normalized perveance is minimized, rather than optimizing the perveance 
of every aperture individually, only a majority of the perveances is optimized.  The 
nominal optimal perveance is thus a combination of apertures at optimal perveance and 
others at the condition of over- and under-perveanc.  Therefore, uniform grids will 
always have a sizeable accel grid current when usedwith a spatially varying discharge 
plasma, even at the best perveance possible.  The solution is to design the grids to include 
a spatial variance in aperture diameter to match the spatial variance in the discharge 
plasma temperature and density such that optimal perveance is achieved simultaneously 
for as many apertures as possible. 
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A second indication of the grids not functioning as designed can be seen in Figure 
117.  Despite the non-transparent portion of the scren grid only occupying 33% of the 
grid area, it collected 40% of the total ion flux.  Ions are only extracted from the 
discharge through a plasma sheath from either the scr en grid or the accel grid 
(neglecting ion losses to the discharge chamber wall).  This shows that the screen grid 
sheath surface area accounts for 40% of the total sheath surface area, which is larger than 
the non-transparent grid area.  This suggests that the accel grid sheath does not fully 
extend to the screen grid, which enables the screen grid sheath in the apertures to collect 
additional ions that would have passed through to the accel grid sheath.  Figure 127 










Figure 127. Conceptualization of severe over-perveance. 
 
This problem of screen grid over-collection is a result of increased perveance.  In 
terms of operating parameters, as the discharge density i creases, the discharge voltage 
must be increased simply to maintain perveance.  As the discharge density increases at 
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constant grid voltage, the accel grid sheath length decreases and the accel grid sheath 
withdraws from the screen grid aperture.  If the discharge density is progressively 
increased, the surface area of the accel grid sheath continues to decrease and the ratio of 
the screen grid current to the anode current increases.  This effect is countered by an 
increase in the discharge voltage, which increases th  sheath potential between the accel 
grid and the discharge plasma, thus increasing the sheath length and extending the accel 
grid sheath towards the screen grid.  Figure 128 show  that these parametric effects hold: 
as discharge voltage is increased, the screen grid to anode current ratio decreases, 
representing a decrease in screen grid collection and by extension, an increase in accel 
grid sheath surface area.  Increasing the magnetic fi ld, which has already been found to 
increase discharge plasma density, increases the scre n grid current collection relative to 
the anode.  Furthermore, this data shows that only the 50 G cases at higher discharge 
voltages came close to reaching optimal perveance, wh re the screen grid collected only 
about a third of the total ion flux.  This demonstrates that future optimization of the GHIT 
will require higher discharge voltages at magnetic fields higher than 50 G to ensure 





























Figure 128. Screen grid to anode current ratio as afunction of discharge voltage and magnetic field.  
600 W RF power, 1.5 mg/s argon, 35 V screen grid bias, 150 V accel grid bias, 1.6x10-5 Torr-Ar 
chamber pressure. 
  
8.3 Plume Divergence 
 
Thus far two performance metrics of the thruster have been discussed: beam current 
and the relative accel grid current.  The former is a measure of the ion production of the 
discharge plasma and how effectively the grid assembly extracts ions, while the latter 
quantifies how accurately the ion optics focuses the ions through the grids.  Equation 
(4.10) contains another parameter that, while it is of less relative importance, must still be 
considered, the beam divergence factor.   
There are two operational parameters that are varied to determine their effects on the 
beam divergence: the discharge voltage and the axial magnetic field.  The discharge 
voltage impacts the beam divergence by setting the axial kinetic energy and by altering 
the value of the voltage ratio R, introduced in Section 3.2.2.  As the discharge voltage 
increases, the total potential drop experienced by the ion increases, which increases the 
axial velocity component relative to the radial velocity imparted by the plume jet 
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expansion.  Increasing the discharge voltage also increases R, which is the ratio of the net 
beam voltage to the total potential drop across the grids.  Since the accel grid is biased 
below the cathode, as an ion exits the grids it encou ters an adverse potential gradient.  
While the ions have sufficient energy to cross the gradient, the passage imparts a small 
radial velocity component.  This effect is generally smaller than the impact of the axial 
kinetic energy, but still adds to divergence if not taken into account. 
The other parameter of interest is the axial magnetic fi ld.  While the magnetic field 
is far too low to magnetize the ions, near the grids it is still high enough to magnetize the 
electrons.  If electrons are confined, an ambipolar electric field arises to accelerate the 
electrons to the ions and slow the ions.  If the electrons are bound to magnetic field lines 
that rapidly diverge out along the radial axis, this could lead to an electric field with a 
radial component, which could impart a radial velocity on the ions in the plume.  
Therefore a comparison of the beam divergence at differing magnetic fields is required. 
Since the primary area of interest is the parametric ffects of the discharge voltage 
and the magnetic field, current density is measured only for variations in these 
parameters.  The current density distributions for three magnetic fields at varying 
discharge voltages are shown from Figure 129 to Figure 131.  The first trait that all three 
plots share is as the discharge voltage increases, th  in ensity of the central peak 
increases.  This reflects both an increase in overall be m current and a decrease in beam 
divergence.  The increase in beam current is due to the combination of previously 
observed effects: increased extraction of ions intothe accel grid sheath rather than the 
screen grid sheath, and increased ion focusing resulting in decreased ion collisions with 
the accel grid.  As mentioned earlier, the increased ion focusing is caused by the 
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increased discharge voltage imparting greater axial kinetic energy into the ions and 
decreasing the radial velocity component relative to the total velocity.  This results in a 
reduction of ions on the wings and an increase of ions n the center.  This is more clearly 




























Figure 129. Plume current density as a function of discharge voltage 50 cm from the grids.  429 W 
RF power, 50 G magnetic field, 1.5 mg/s argon, 35 Vscreen grid bias, 150 V accel grid bias, 1.6x10-5 






























Figure 130. Plume current density as a function of discharge voltage 50 cm from the grids.  429 W 
RF power, 150 G magnetic field, 1.5 mg/s argon, 35 V screen grid bias, 150 V accel grid bias, 1.6x10-5 




























Figure 131. Plume current density as a function of discharge voltage 50 cm from the grids.  429 W 
RF power, 200 G magnetic field, 1.5 mg/s argon, 35 V screen grid bias, 150 V accel grid bias, 1.6x10-5 





























Figure 132. Plume current density as a function of discharge voltage 50 cm from the grids.  429 W 
RF power, 150 G magnetic field, 1.5 mg/s argon, 35 V screen grid bias, 150 V accel grid bias, 1.6x10-5 
Torr-Ar chamber pressure. 
 
The overall effect on the beam divergence is best quantified by calculating the beam 
half angle, defined in Equation (5.5) and plotted in Figure 133.  Increasing the discharge 
voltage decreases the beam half angle as expected, but increasing the magnetic field also 
 
217 
decreases the beam half angle.  This suggests that the proposed mechanism of ambipolar 
electric fields creating a radial velocity component o  the ion is either nonexistent, or the 
effect is negligible compared to another effect caused by increasing the magnetic field.  
One of the effects of increasing the magnetic field is increasing the discharge plasma 
density.  As has been discussed in the previous section, this increases the perveance for 
an ion optics system that is already in over-perveanc .  Increasing the perveance further 
would increase beam divergence, not reduce it.1  As a result, whatever mechanism is 























Figure 133. Beam divergence half angle as a function of discharge voltage and magnetic field 50 cm 
from the grids. 429 W RF power, 1.5 mg/s argon, 35 V screen grid bias, 150 V accel grid bias, 1.6x10-5 
Torr-Ar chamber pressure. 
 
Another observation from Figure 133 is that the impact of changing the magnetic 
field varies with the discharge voltage.  Figure 134 through Figure 137 shows a 
progression of the current density profiles for each magnetic field as the discharge 
voltage is increased from 100 V in Figure 134 to 600 V in Figure 137.  At 100 and 300 V, 
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the profiles at the three magnetic fields are largely identical.  The current density at the 
wings is still reduced at higher magnetic fields, with only a broadening of the center 
peak.  The maximum current density at each peak is still approximately the same value.  
At 450 and 600 V the profiles are much more differentiated, with a noticeable increase in 





























Figure 134. Plume current density as a function of magnetic field 50 cm from the grids.  429 W RF 
































Figure 135. Plume current density as a function of magnetic field 50 cm from the grids.  429 W RF 































Figure 136. Plume current density as a function of magnetic field 50 cm from the grids.  429 W RF 































Figure 137. Plume current density as a function of magnetic field 50 cm from the grids.  429 W RF 
power, 600 V discharge, 1.5 mg/s argon, 35 V screen grid bias, 150 V accel grid bias, 1.6x10-5 Torr-Ar 
chamber pressure. 
 
The reason for this dependency on the discharge voltage is that at low discharge 
voltages and higher plasma densities, the grids becom  space-charge limited.  As the 
magnetic field increases from 50 G to 200 G, the discharge density increases, which 
increases the Bohm current density into the grid sheath, up to 28.6 A/m2 at 200 G.  
However, with a 100 V discharge and grid voltages used, the GHIT performance model 
outlined in Section 4.2.5 predicts a maximum allowable current density of 9.32 A/m2.  
Therefore despite the increased discharge plasma density at 150 and 200 G, the grids 
limit the size of the ion beam.  As the discharge voltage is increased to 300 V the 
maximum current density allowable reaches 24.6 A/m2, which allows for some variation 
between the lower magnetic fields, but still limits the 200 G case.  Once the discharge 
voltage reaches 450 V the maximum allowable current density increases beyond 28.6 
A/m2 and the maximum possible ion beam from the 200 G case can be achieved.  With 
the space charge limitation removed, the 200 and 150 G cases are more distinguishable 
 
221 
from the 50 G case, which is now limited by the ion flux into the grid sheath from the 
discharge plasma.  
 
8.4 Thrust Measurement 
 
The remaining unknown term from Equation (4.10) is the beam voltage.  This term is 
the change in potential from the discharge plasma to the plume, and can be related to the 
discharge voltage by 
 
spaceDb VVV −=        (8.9) 
 
where Vspace is the space potential, which is the plasma potential far downstream of the 
thruster.  While the space potential is not measured directly, a reasonable estimate is 20 V 
based on the space potential for a Hall effect thruster.64  Estimates of the thrust using 
Equation (4.10) and the data already presented are shown in Figure 138.  Since each 
parameter of Equation (4.10) is sensitive to the discharge voltage and magnetic field, it is 
expected that the thrust should be likewise.  All three terms, beam current, beam 
divergence factor, and beam voltage, are strongly dependent on the discharge voltage; as 
























Figure 138. Estimated thrust as a function of discharge voltage and magnetic field.  429 W RF power, 
1.5 mg/s argon, 35 V screen grid bias, 150 V accel grid bias, 1.6x10-5 Torr-Ar chamber pressure. 
  
Since the estimated thrust is low compared to the thrus  stand noise seen in Chapter 
VI, a full set of thrust measurements would not be worthwhile.  Instead, a sampling of 
various operating conditions is sufficient to validte the estimation in Figure 138.  The 
measured thrust sample is shown in Table 6 at the given operating conditions; parameters 
not listed in the table are constant between all tests: 600 V discharge, 35 V screen grid, 
and 150 V accel grid voltages.  The measured thrust is slightly higher than the estimated 
thrust, as estimated thrust only considered thrust con ributions from accelerated ions and 
does not include thrust from neutral gas expansion.  Assuming a discharge pressure of 2 
mTorr, thrust due to pressure is approximately 1.4 mN, which is approximately equal to 







Table 6. Measured GHIT thrust. 
PRF (W) B (G) ṁp (mg/s) T (mN) Uncertainty (mN)  
429 50 1.5 -0.13 ±5.01 
600 150 1.5 2.75 ±2.00 
429 200 1.5 2.77 ±3.61 
429 150 1.0 1.47 ±2.19 
429 150 2.0 2.28 ±2.60 
429 150 3.0 1.51 ±2.35 
 
Ultimately the low thrust can be increased by increasing the beam current and the 
discharge voltage.  Since thrust increases linearly with beam current and only with the 
square root of the discharge voltage (assuming that t e grids are not space-charge 
limited), it is more effective to increase beam current.  Therefore, while the GHIT in the 
current form is a less-than-ideal thruster, there is an identifiable path for improvement by 
identifying all ion losses from the discharge and determining the most effective means to 




There are two primary conclusions that can be drawn from the measured data.  
Firstly, there are two causes for lower than expected beam current: over-perveance of the 
grids, and spatial variance in the discharge plasma density at the grids.  These limit 
performance, as they cause the grids to under-focus the ions, which leads to ion 
impingement on the grids and beam divergence.  The over-perveance is primarily a result 
of low grid voltages relative to the ion number density, which reduces the accel grid 
sheath length and retracts the accel grid sheath behind the screen grid.  The spatial 
variation of the ion number density is another factor, as it creates a spatial dependency of 
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the perveance.  As a result, optimal perveance cannot be achieved over the entirety of the 
grids unless there is a similar variation of the grid apertur  diameters. 
The second conclusion drawn is that the GHIT displays a high degree of control over 
the three ion acceleration performance metrics.  Despite the aforementioned issues with 
over-perveance, the grid voltages demonstrated a significant effect on the ion optics and 
the ion impingement on the grids.  Rather than indicating that the grid assembly is 
ineffective, the observed performance indicates only that the GHIT operating conditions 
are not optimized.  Additionally, the expanded number of operating parameters allows for 
individual manipulation of each ion acceleration performance metric without adversely 
impacting another.  As a specific example, an increase in the ion beam current can be 
achieved by increasing the discharge ion density.  This would in turn cause the perveance 
to increase, which would increase beam divergence, but this can be offset by increasing 
the grid voltages.  Thus one metric can be increased without affec ing the other. 
Due to the observed degree of control, the evaluation of the GHIT would benefit from 
an examination of potential modifications that would improve performance.  Such an 
exercise would allow for a more accurate measure of the ion acceleration capability of the 
GHIT and of two-stage ion acceleration.  Another goal is to utilize the combination of the 
data presented in this chapter with the helicon plasma structure measured in Chapter VI 
to determine the ion production cost of the helicon plasma source.  These two tasks are 











  In the previous chapter, the GHIT is found to have ineffective ion optics that result 
in a lower beam current and a higher beam divergence a gle than expected for the given 
operating conditions.  However, the GHIT displays a high degree of control over the 
performance metrics through the device operational parameters.  Thus, it is clear that a 
higher ion beam current and a lower plume divergence angle are possible with further 
device optimization.  There are two categories of modifications that are possible: 
alterations to the device hardware and changes to the device operating conditions.  While 
the former can offer clear benefits it is difficult to accurately model the affects using the 
existing data.  Therefore, while there are several suggestions for modifying the GHIT 
architecture, the primary approach in this chapter is modeling the ion acceleration and 
resultant GHIT performance using through parametric optimization of the operating 
conditions.  This is conducted using extrapolation of the measurements in Chapter VIII.   
The second goal of this chapter is to determine the ion production cost of the helicon 
plasma source.  The ion currents through the grids an  anode are known and allows for a 
more accurate determination of the ion production rate of the helicon plasma source.  A 
combination of this and the helicon plasma structure measured in Chapter VI is used in 
the discharge efficiency model in Chapter III to calculate the ion production cost of the 
helicon plasma source.  The model also enables identification of the primary power 
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expenditures and parametric analysis of the ion production cost to assist in determining 
optimal operating conditions. 
Ion production cost is found to be in the range of 132-212 eV/ion.  The primary losses 
in the discharge chamber are due to ion loss to the discharge chamber wall and high 
sheath potentials at the plasma boundaries.  The proposed solution to increase discharge 
efficiency is to increase the magnetic field strength to decrease ion diffusion to the walls 
and decrease the electron temperature of the discharge plasma by manipulating the 
electron energy distribution using the helicon plasm  source.  The final source of 
inefficiency is approximately only 15% of the transmitted RF power couples to the 
plasma.  The remaining power is likely coupled to the solenoid mounts to create eddy 
currents, capacitively coupled to the thrust stand agrounded, or is coupled to the 
plasma through RF excitation of photon emission that is not included in the discharge 
model.  Reduction of this RF power loss would increase the device efficiency and 
potentially increase the ionization fraction of the discharge plasma. 
 
9.1 Component Optimization 
 
The primary cause for the low thrust observed in Chapter VIII is the low beam 
current extracted from the discharge.  The beam current is the numbers of ions extracted 
from the discharge and accelerated per unit time.  Therefore if the beam current is low, 
the amount of propellant accelerated is low, resulting in low thrust.  Increasing the beam 
voltage is an alternative method to increasing thrust, but there are two disadvantages to 
substatially increasing beam voltage.  The first is seen in Equation (4.10), where thrust is 
only proportional to the square root of the beam voltage, compared to the linear 
 
227 
proportionality to beam current.  Hence, it would take a much larger increase in beam 
voltage than beam current to generate the same increase in thrust.  The second 
disadvantage to the beam voltage approach is that the beam power required is linear with 
the beam voltage, but as already mentioned thrust increases with the square root.  The 
thrust-to-power ratio would then decrease with the square root of the beam voltage.  
Therefore it is more advantageous to focus on increasing the beam current. 
There are two areas of the GHIT that can be improved to increase beam current: the 
discharge plasma source and the grid assembly.  Improvements to the helicon discharge 
focus on increasing ion density and mass utilization while decreasing ion losses.  For the 
grid assembly, suggested modifications are meant to decrease ion beam impingement on 
the accel grid and to match the aperture geometry to the spatial variations of the 
discharge plasma density and temperature. 
 
9.1.1 Grid Assembly 
Based on the results of the relative accel grid current as a function of normalized 
perveance, it is clear that discharge plasma characteristics are not uniform across the exit 
plane of the discharge.  The first modification to the grid assembly would be to spatially 
match the aperture geometry to the discharge plasma characteristics.  Assuming the grids 
enforce a radial symmetry to the discharge plasma, the screen and accel grid aperture 
diameters would be a function of radial position.   
The second modification to the ion optics is to increase the electric field between the 
grids.  The previous chapter demonstrates testing of the GHIT almost completely occurs 
in the over-perveance condition.  Over-perveance leads to excessive ion collection by the 
screen and accel grids and degrades both thruster lifetime and performance.  The two 
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options to decrease the perveance are to either decrease the ion flux through the grids or 
increase the potential drop across the grids.  Since the stated goal is to increase the beam 
current, the first option is not feasible.  Furthermoe, the sought increase in beam current 
will require even higher grid voltages in order to attain optimum perveance.  An 
alternative to increasing the potential drop across the grids is to decrease the grid spacing, 
as this will increase the electric field for a constant grid gap.  The primary drawback to 
decreasing the grid spacing is it increases the likelihood of the grids shorting.   
Now that the second modification has been specified as an increase in the potential 
drop across the grids, there are two potentials that can be varied.  The screen grid 
potential is determined by what is sufficient to ensure ion saturation of the grids, and is 
therefore not available for modification.  The first option is the accel grid, as biasing it 
below cathode will increase the potential drop across the grids without an increase in 
specific impulse and decrease in the thrust-to-power ratio.  However, the accel grid 
cannot have a large portion of the total voltage drop, as this would drop the voltage ratio 
R below the design goal of 0.8.  This requires the discharge voltage to be increased.  
While this does decrease the thrust-to-power ratio, i  can be offset slightly by also 
increasing the accel grid voltage to maintain R. 
 
9.1.2 Helicon Discharge 
There are two ways to increase the beam current: increase the ion flux to the grid 
sheath and increase total grid area.  The most direct m thod to increase the grid area is to 
increase the diameter of the discharge chamber.  This approach has multiple effects, as 
the discharge chamber geometry impacts several parameters.  The intended effect is to 
increase the grid area by which to extract ions.  However, this also increases the volume 
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of the discharge chamber, which would decrease the power density of the discharge, 
neglecting all other effects.  The power density could be increased by decreasing the 
length of the discharge chamber.  One potential concern is if there is a minimum length 
required for adequate ionization, as the discharge plasma data in Chapter VI did 
demonstrate an axial dependency.  Another advantage would be a decrease in the 
discharge surface-area-to-volume ratio and the resulting decrease ion loss to the walls.    
The other method to increase beam current is to increase the ion flux to the grid 
sheath.  In essence, this requires increasing the discharge pl sma density and temperature, 
as increasing either characteristic increases the Bohm current.  The results of the 
discharge analysis show that increasing the magnetic fi ld beyond 250 G offers the most 
effective means to increase the density.  Likewise, data shows that decreasing the neutral 
propellant flow rate to 1.0 mg/s would increase the number density.  Before a set of new 
design operating conditions can be defined, an analysis of the GHIT discharge in 
conjunction with the helicon plasma measurements is needed to identify any other 
sources of potential losses. 
 
   9.2 GHIT Discharge Efficiency 
 
There are three functions that the GHIT performs that can be optimized: ion 
production in the discharge chamber, extraction of ions from the discharge chamber into 
the grids, and collimation of the ions into a coherent beam.  In Chapter VIII both beam 
collimation and ion extraction are discussed.  Beam collimation is found to be as 
designed, while ion extraction suffers from severe ov r-perveance caused by low grid 
voltages.  What remains is an analysis of the efficin y of the helicon plasma source as 
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an ion source.  This can be determined by calculating the discharge efficiency using the 
average ion number density and electron temperature, along with the thruster currents 
during operation. 
 
9.2.1 Discharge Model 
The discharge model used is outlined in Section 3.3.3.  The helicon and GHIT 
operating conditions overlap at 150 G, thus the model is calculated using data from both 
thrusters at 343 W and 600 W at 150 G and a discharge voltage of 600 V.  Ambipolar 
diffusion into the walls is assumed; ions diffuse radially into the discharge chamber wall 
at the same rate as electrons.  For simplicity of calcul tions, the plasma is assumed to 
have averaged characteristics represented by a single value each for density, temperature, 
etc.  The ion number density and electron temperature are taken from the discharge 
analysis performed in Chapter VIII, and likewise thruster currents use the measured 
values presented earlier.  Gradients of the discharge plasma characteristics are calculated 
from the measurements of the helicon discharge plasma without grids taken in Chapter 
VI.  While there is a difference in the plasma characteristics between the helicon with and 
without the grids, it is assumed that the shape of the plasma contour for each 
characteristic is constant.  This assumption, while not ideal, is sufficient for a first order 
approximation of the power expended in the discharge and for the estimation of wall 
losses.  Additionally, an ion temperature of 0.2 eV is assumed. 
Since the model uses measurements of both the EHT and the GHIT, there are only 
two cases where the operating conditions overlap.  The results of the model for these two 
cases are shown in Table 7.  The discharge efficiency is modified to use the total ion flux 
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to the grids as the beam current in Equation (3.17), as otherwise the inefficiency of the 







=η            (9.1) 
 
Therefore, the discharge efficiency represents the energy cost to create and transport an 
ion to the grid sheath.  The discharge efficiency is higher than what is common, as a 
standard DC discharge chamber using argon has a discharge efficiency of approximately 
150 eV.  The reader should recall that discharge effici ncy can be considered as an ion 
production cost, thus a high discharge efficiency is not desirable.  For the sake of clarity, 
all further comparative discussion on the discharge efficiency will use the alternate 
nomenclature of ion production cost. 
 
Table 7. Estimated discharge performance parameters at 150 G, 600 V discharge, 1.5 mg/s Ar. 
PRF (W) Ib (mA) Iw (mA) Pabs (W) ηd (eV) 
343 80.8 201 46.3 185 
600 88.8 225 67.3 201 
 
One consideration is there is no magnetic shielding of the anode from ions for most of 
the data collected.  Standard ion engine discharges provide a magnetic shield of the anode 
to reduce ion collection and reduce power losses.  A design concern for future work 
would be to incorporate an improved magnetic shield at the anode, either through 
improving the current magnetic mirror concept or utilizing an alternate design that creates 
radial magnetic field lines near the anode.  
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The ion loss rate to the walls is found to be considerably larger than the beam current, 
which demonstrates that wall losses are a significat fraction of the ions created, 
approximately 27%.  This is a consequence of the discharge chamber geometry that had a 
large surface-area-to-volume ratio.  Ion losses can be reduced by increasing the discharge 
chamber diameter and decreasing the length, as this decreases the area the plasma can 
contact.  However, further analysis will assume constant discharge chamber geometry of 
allow use of the previously measured plasma characteristics in subsequent analysis.  
Discussion of the effects of varying discharge chamber geometry is presented in Section 
9.1.  Instead, discussion will proceed to two parameters of the discharge plasma that have 
a strong impact on the ion production cost: the magnetic field strength and the electron 
temperature. 
 
9.2.2 Magnetic Field Effects 
The first effect of the magnetic field is to increas  the ion number density of the 
discharge plasma, as has been observed previously.  This leads to increased ion extraction 
and the resulting thruster currents, as well as increased power absorption by the discharge 
plasma.  While this has some impact on the ion production cost, ignoring any changes to 
the spatial distribution of the density and resulting changes to the perveance and ion 
optics, the magnetic field has a greater effect on ion loss to the walls.  The radial ion 
velocity can be reduced by increasing the magnetic field, which reduces radial ion 
mobility to the wall by Equation (3.27).  A reduction f the radial ion velocity leads to 
decreased ion losses to the walls, which decreases the ion production cost.  Figure 139 
shows that increasing the magnetic field from 150 G to 250 G greatly decreases the radial 
ion velocity and the ion wall current.  These calculations involve interpolating some of 
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the data from the EHT measurements, as such data at 250 G or at RF power other than 
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Figure 139. Ion current and radial ion velocity as a function of RF power and magnetic field. 
 
Since each ion lost to the wall is an expenditure of nergy that does not produce an 
ion for extraction and acceleration, decreasing the ion-wall loss also decreases the ion 
production cost.  At 200 and 250 G the ion production c st is much closer to what is 
generally seen in DC discharges, as seen in Figure 140.  Further increases of the magnetic 
field would decrease the discharge efficiency below 150 eV, but the ion loss rate to the 
walls becomes too small to have a discernible effect.  That is not to say this is a clear case 
of diminishing returns, as thus far increasing the magnetic field demonstrates only 
positive enhancements to performance: increased ion de sity, decreased beam 
divergence, and decreased ion production cost.  However, if further decreases in ion 
production cost are desired, there is another source of energy loss that must be examined, 
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one which also explains why the 200 G cases have a lower ion production cost than the 


























Figure 140. Discharge efficiency (ion cost) as a function of RF power and magnetic field for 1.5 mg/s 
argon. 
 
9.2.3 Electron Temperature Effects 
The two largest expenditures of power in the discharge re ionization of neutrals, and 
acceleration of ions and electrons through the boundary plasma sheaths.  The first 
consists of the cost to create the ions that are extracted by the grids, plus an additional 
amount of power spent creating ions that are lost t wall neutralizations.  The previous 
section has demonstrated that while considerable decreases in the ion production cost can 
be attained by decreasing wall losses, it is insufficient to decrease the ion production cost 
below that of standard DC discharges.  The second major power expenditure occurs when 
ions and electrons pass through the sheaths at the boundaries of the discharge chamber.  
Across each sheath exists a potential drop that repels a sufficient number of electrons to 
balance the ion flux incident on the sheath.  Each ion or electron that passes through the 
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sheath has electric work done on it, which expends energy from the discharge plasma.  
Therefore, decreasing the sheath potentials will yied a further decrease in the ion 
production cost. 
Equation (3.39) shows that the sheath potential has a linear dependency on the 
electron temperature.  This arises from the fact that e sheath potential must repel a 
certain amount of electrons, and the repulsion force pposes the thermal kinetic energy of 
the electron.  Higher temperature electrons have a higher kinetic energy than lower 
temperature electrons, and thus require a larger sheath potential.  Therefore, decreasing 
the electron temperature of the discharge plasma decreases the anode sheath potential as 
well as the ion production cost.  This is the cause for the 200 G cases having a lower ion 
production cost than the 250 G cases, as the 200 G cases have lower electron 
temperatures (5-7 eV compared to 7-9 eV) despite having a higher ion loss rate to the 
walls.  Figure 141 shows an example of this effect where the 600 W condition at 150 is 
modeled assuming arbitrary electron temperatures.  While the electron temperature is not 
a free variable that can be altered without other eff cts, it demonstrates the impact of the 







































Figure 141. Discharge efficiency (ion cost) and anode sheath potential as a function of electron 
temperature.  The average discharge efficiency of a DC discharge chamber is shown for comparison. 
 
The results of the discharge model show that while most of these initial experiments 
show a higher ion production cost compared to DC discharges, a lower ion production 
cost is possible at certain operating conditions.  The 200 G demonstrate a discharge 
efficiency of 132-159 eV, which shows that such operating conditions are possible.  
These values are still higher than observed with oter work using helicon plasma 
sources,30,31 but such experiments were performed at a higher magnetic field strength.  
The primary impact of such operating conditions is the increased confinement of the ions, 
which would not only reduce wall losses, but also restrict radial and azimuthal velocity 
and reduce ion collisions and the associated losses.  Additionally, the total beam current 
in the other work was determined using planar Langmuir probes, which can overestimate 
the ion current in the same manner of Faraday probes.  The results of this study 
demonstrate that even without magnetization of the ions, the helicon plasma source is 
capable of a superior discharge efficiency compared with DC discharges.  Further 
improvements to the discharge efficiency should involve examining how to use the 
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helicon plasma source to tailor the electron energy distribution function to favor lower 
energy electrons that are still sufficient to ionize the propellant.  
 
9.2.4 RF Power Losses 
A greater concern with the results of the discharge model is that the predicted power 
absorbed by the plasma is only approximately 15% of the RF power transmitted to the 
antenna.  While this model is only a first order approximation, it demonstrates that a 
significant amount of power does not couple to the plasma.  Another way to quantify the 
problem is comparing total ion current to the propellant mass flow rate.  For the 600 W 
case, total ion production is estimated to be 440 mA, which is equal to 2.8x1018 ions per 
second.  The mass flow rate of 1.5 mg/s yields a neutral rate of 2.3x1019, which yields an 
ionization rate of about 12%.  The amount of power needed to ionize all the propellant at 
the same discharge efficiency is approximately 490 W, which again demonstrates that 
sufficient power is available yet is not absorbed by the plasma. 
If only a fraction of the RF power is absorbed by the plasma, it is likely that the RF 
power is coupling to something else in addition to the plasma.  Several possibilities 
include capacitive coupling with the thrust stand through the solenoids mounts, 
inductively creating eddy currents within the solenid mounts, or coupling to the 
chamber at the feedthrough.  In the 600 W, 150 G case, the skin depth according to 
Equation (2.14) is approximately 5 cm, so it is not the case that the plasma is 
insufficiently opaque to the RF wave.  One method to investigate this further is to attempt 
to measure the directionality of the double saddle antenna.  The solenoid mounts are a 
likely object for the antenna to couple to, as they are very close to the antenna and the 
aluminum cylinder that the wire is wrapped around provides a continuous loop radially 
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around the antenna.  This loop provides a pathway for the antenna to induce a circular 
eddy current that can resistively dissipate the RF energy.  The solenoid mount also is only 
separated from the thrust stand mount by four 0.6 cm thick PEEK spacers.  This gap 
creates a small capacitance, which allows the RF in the solenoid mount to capacitively 
couple to the thrust stand mount, and from there to ground.  
One method to test this is to replace the solenoid mounts with ones fabricated from 
insulating materials.  This should both eliminate th circular path with which to induce an 
eddy current, and remove the capacitive path to ground.  Another method to reduce RF 
losses is to use the in-vacuum matching network RF system configuration from Appendix 
D.  This would reduce any potential coupling between the RF system and the feedthrough 
that might arise due to the feedthrough being a part of the matching circuit.  If the 
matching network is relocated inside of the vacuum chamber, this is less likely to occur.  
This would also reduce the length of transmission line that is a component of the 
matching circuit, which might eliminate RF coupling between the transmission line and 
vacuum chamber surfaces. 
Another consideration is that it is unknown how much power is spent in RF excitation 
of neutrals and ions.  The discharge efficiency model includes a term for collisional 
excitation, but this term is too small (on average 72 mW) to justify the visual intensity of 
the light emitted by the plasma.  Therefore it is highly likely that additional power is 






9.3 Proposed GHIT Operation 
 
With the primary causes for the observed GHIT performance identified, a proposed 
set of operating conditions can be determined from extrapolation of the measured data.  
While increasing the discharge chamber diameter would have several benefits that have 
already been outlined, such changes will be neglected in order to maintain use of the 
measured data.  For the same reason, the effects of different propellants will not be 
considered.  The following modifications to GHIT operation are proposed and the 
resulting performance is modeled using the ion engine and discharge efficiency models 
outlined in Chapter III. 
The first modification is to correct the grid aperture diameters to match the spatial 
variation of the plasma density.  The aperture diameters were designed with a plasma 
density of 2x1016 m-3, which is accurate only for the 50 G cases.  Since higher magnetic 
field operation is desired, the aperture diameters should be decreased for regions of 
higher ion density.  The spatially varying grid apertures should reduce the relative accel 
grid current to a goal of 0.05.   
The second modification is to the discharge plasma: an increase in the magnetic field 
to 350 G and decrease electron temperature to 6 eV, as this increases ion density and 
decreases ion production cost.  This assumes that the helicon plasma source operating 
conditions are altered in such a way to enable this decrease in temperature, which still 
must be explored.  The data for the 600 W, 350 G helicon plasma is used to determine the 




The third modification is to increase the grid voltages in order to decrease the 
perveance.  There are two reasons: first, increasing the potential drop between the grids is 
required to maintain perveance as the density increases, along with increasing perveance 
to reach the optimum condition at all.  The second reason for increasing the grid voltages 
is to extend the accel grid sheath fully into the screen grid aperture and reduce the screen-
to-anode current ratio and ensure that the ion transp rency of the screen is not less than 
the physical transparency.  To that end, the discharge voltage is increased to 1500 V, and 
the accel grid potential to -300 V relative to common.  This value is extrapolated from the 
screen-to-anode current ratios measured in Chapter VIII to ensure a ratio of 0.33.  
Likewise, the beam divergence half-angle is extrapolted from the data as a function of 
discharge voltage.  A summary of the proposed GHIT operating conditions and estimated 
performance parameters is shown in Table 8.  The efficiency calculation still assumes a 
total RF power of 600 W, which can probably be decreased by eliminating sources of 
extraneous RF coupling.   
 
Table 8. Proposed GHIT operating conditions and predicted performance. 
Pnominal 1160 W 
PRF 600 W 
B 350 G 
VD 1500 V 
Vs 35 V 
VA -300 V 
T 12.3 mN 
Isp 8670 s 
η 48.6% 
α 23.5º 
Ia 599 mA 
Is 203 mA 
IA 18.8 mA 
Ib 376 mA 
Iw 35.8 mA 




The performance listed above is much more in line with commercially available EP 
thrusters.  Even further performance improvements can be made using the two 
modifications not modeled: discharge chamber geometry and a change of propellant.  A 
larger discharge chamber diameter and a shorter length would decrease ion-wall losses, 
as well as allow for larger grid areas and higher trust.  Using a higher-mass noble gas as 
a propellant would also increase the thrust-to-power ratio as well as decrease the ion 
production cost due to the reduced ionization energy.  This confirms the GHIT is still a 





In the preceding chapter, the GHIT demonstrated lower than expected beam current 
and higher than expected beam divergence.  However, unlike the EHT, the performance 
of the GHIT can be clearly modified through operating parameter manipulation.  Using 
the performance models developed in Chapters III and IV and extrapolating the data from 
Chapter VIII, the above modifications to the operating conditions and grid assembly are 
estimated to improve the performance of the GHIT to similar levels of commercially 
available ion engines.  Further improvements can be made by changing the propellant to 
xenon for decreased ionization cost and a higher thrus -to-power ratio.  Likewise, the 
thrust of the device can be further increased by scaling up the diameter of the discharge 
chamber to increase grid area and ion extraction, thoug  this would require an increase in 
power to accommodate the larger discharge plasma.  Therefore, while initial performance 
of the GHIT is less than optimal, there is a clearly identified path to improvement. 
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Additionally, analysis of the helicon discharge plasm  reveals that the helicon plasma 
source is capable of exceeding DC discharges in terms of reducing the ion production 
cost.  The two key operating parameters in this optimization re the magnetic field, which 
controls ion loss to the walls, and the electron temp rature, which sets the sheath 
potentials at the discharge chamber boundaries.  Another concern is that only 15% of RF 
power that is transmitted to the antenna is accounted for in the discharge model.  While 
some of the power must be spent in RF excitation of eutrals and ions, as collisional 
excitation is insufficient for the given luminosity, there is still a large amount that 
remains unaccounted for.  It is likely that this energy is coupling to other conductive 
surfaces near the thruster and transmitted to ground.  Thus two key areas for future work 
are determining how to set the electron temperature of the discharge chamber plasma 
through manipulation of the electron energy distribution produced by the helicon plasma 
source, and elimination of external RF coupling.  This w ll further increase the discharge 













The goal of this dissertation is to comparatively evaluate the ion acceleration 
capability of a single-stage and a two-stage helicon thruster.  The two-stage device also 
serves to separate the ionization and acceleration s ages and permit individual evaluation 
of each process.  Chapters VI and VII presented the ion acceleration performance of the 
single-stage EHT, which is characterized by low ion energy, low ion beam current, and 
high beam divergence.  Chapters VIII and IX covered the performance of the two-stage 
GHIT, which demonstrated higher ion energy, higher beam current, and a more 
collimated beam despite suboptimal operating conditions.  The ion production cost was 
also determined using a discharge efficiency model and a combination of measurements 
of the EHT and the GHIT. 
There are two primary conclusions that can be drawn from this work.  The first is that 
a helicon plasma source functions as an ion source, not an ion accelerator.  The second 
conclusion is that the ion production cost of a helicon plasma source integrated into a 
thruster can match that of DC discharges, and even be reduced further.  From these two 
conclusions it is seen that a helicon plasma source has great potential in electric 
propulsion devices, but as an ion source integrated into a larger device and not as a 
single-stage ion accelerator.  Future work is also suggested that can further improve the 




10.1 Comparison of Ion Acceleration 
 
A helicon plasma source functions essentially as an ion source and not an ion 
accelerator, for the purposes of propulsion application.  There are three performance 
metrics used to evaluate ion acceleration: ion energy, beam current, and the beam 
divergence half-angle.  The EHT demonstrated sub-standard ion acceleration according 
to all three metrics.  The ion energies observed are presumed to be a result of a current-
free double layer caused by plasma expansion from a high-density region in the discharge 
chamber to a low-density region in the plume.  This only results in a beam voltage in the 
range of 20-40 V.  Assuming an average ion production c st of approximately 150 eV, 
this results in an inherently inefficient thruster where the majority of the power is spent 
creating ions rather than in acceleration.  The beam current is also very low, as the double 
layer allows only a limited number of ions to exit the discharge chamber.   
Likewise, the plume structure creates a highly divergent ion beam.  At low magnetic 
field strengths, the electric field disperses from the discharge chamber in a broad pattern 
that imparts large radial velocities to much of the ions.  This leads to a relatively 
symmetric plasma expansion and a diffuse plume with an even distribution of ion 
trajectories.  At higher magnetic field strengths, the electric field lines are concentrated 
through regions of high electron temperature that form off the discharge chamber wall.  
This creates a distribution of electric field lines that are much more focused at large 
angles, rather than towards the centerline or a broad range of trajectories, which cause the 
ions to be deflected off centerline at these large angles.   
Beyond the fact that all three performance metrics show the EHT to be ineffective at 
ion acceleration, there was negligible performance increase from varying the operating 
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conditions.  The second figure of merit for an ion accelerator is the ability to control the 
acceleration process through the variance of the operating conditions.  None of the 
performance metrics could clearly be manipulated using the operating parameters.  One 
example is the beam half-angle, where the magnetic field could affect the current 
distribution but not decrease overall beam divergence.  This demonstrates the inherent 
weakness of indirect ion acceleration, as there is no definitive method to set the plasma 
potential contours to dictate ion energy or trajectory.  The ion acceleration is heavily 
dependent on the presence of downstream plume structures of high plasma potential or 
high electron temperature.  These plume structures form as a result of the plasma 
expansion, the size and intensity of which are determined by the magnetic field.  Despite 
this dependency on the magnetic field, there is little demonstrable control over the shape 
of these regions using only the magnetic field strength, and thus negligible control over 
ion acceleration.   
An additional factor is the shape of the magnetic field.  The regions of high electron 
temperature are created by the separation of hot and cold portions of the electron 
population due to confinement on the magnetic field lines.  Therefore the location of 
these regions can be adjusted by altering the shape of the magnetic field divergence 
downstream of the discharge chamber.  One possibility would be to extend the magnetic 
field lines so they remain axial further downstream of the exit plane of the discharge 
chamber.  This should prevent the regions of high electron temperature from forming 
near the walls of the discharge chamber.  Additionally, if the magnetic field lines diverge 
more gradually, then separation of the higher energy lectrons should be less pronounced 
and the formation of these regions of high electron emperature should be reduced.  This 
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should lead to fewer radial electric field lines and less radial divergence of ions.  
Alternatively, if the magnetic field shape could be manipulated such that a region of 
higher electron temperature can be formed only along the centerline, then potentially the 
electric field lines will be focused axially, leading to a more collimated beam.   
This is contrasted by the GHIT, where the grid geometry and operating conditions can 
directly control the grid sheath structure, the intervening potential, and the resulting ion 
energies and trajectories.  The comparison between thruster configurations can be made 
even clearer using the calculated thrust contribution from the ions.  The GHIT, despite 
the severe under-perveance of the grids, still provided 2 mN of thrust compared to the 12 
µN of thrust from the EHT.  Furthermore, the GHIT demonstrated a high degree of 
control over the performance metrics, as the beam divergence angle, ion energy, and 
beam current could be directly manipulated using the operating conditions.  While 
variance of an operating parameter does affect multiple performance metrics, there are 
multiple methods to alter each parameter, granting a large degree of control over the 
thruster performance. 
It can thus be concluded that the application of a helicon plasma source in propulsion 
requires the use of a second stage for the acceleration of ions.  A helicon plasma source 
alone demonstrates limited ion acceleration and negligible control thereof.  However, the 
helicon plasma source can clearly be integrated as part of a thruster system to replace the 






10.2 Helicon Discharge Efficiency 
 
The helicon plasma source demonstrates an ion producti n cost in the range of 132-
212 eV/ion, which at the lower bound confirms that it is capable of meeting and 
exceeding the discharge efficiency of DC discharges.  The primary parameters that 
determine the discharge efficiency are the magnetic field and the discharge plasma 
electron temperature.  This dependency on the electron temperature yields an additional 
strength of the helicon plasma source, as it is capable of adapting the electron energy 
distribution to alter the electron temperature.  This feature should be the focus of further 
work, as reduction of the electron temperature will further reduce the ion production cost.  
Further gains can be attained by adapting the helicon plasma source into a geometry more 
suited to use with an ion engine, such as decreasing the discharge chamber length and 
increasing the diameter.  As a result, it can be concluded that helicon plasma sources can 
be used to replace DC plasma discharges given sufficient optimization to bring it to the 
same level of development.  
 
10.3 Future Work 
 
There are two primary areas that are recommended for future work.  The first is to 
identify and correct the cause for the low RF coupling to the plasma, as this is the most 
likely cause for the low ionization rate.  A direct approach to determine the cause would 
be to replace the solenoids with ones wrapped around a on-conductive material, as this 
would avoid creating a pathway for eddy currents to form.  Likewise, it would remove a 
capacitive pathway to ground through the thrust stand.  Another modification is to 
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reconfigure the RF system to the in-vacuum matching network configuration.  While this 
increases the probability of matching network component failure, it should reduce 
coupling to the vacuum chamber through the feedthrough or transmission from the coax 
cable to the ambient plasma. 
The second area for future work encompasses modifications to the GHIT in order to 
improve performance.  The first is to vary the grid aperture diameters as a function of 
radial position to match the grid geometry to the ion number density variations in the 
discharge chamber.  The second is to reduce the discharge chamber length and increase 
the diameter.  This serves to decrease the wall area nd reduce ion losses to the wall, as 
well as allow for a larger grid area to enable higher beam current extraction.  Another 
suggestion is to examine GHIT operation at higher magnetic fields and discharge 
voltages, both to increase plasma density and decrease perveance.  These two changes in 
operating parameters should increase the ion current by both increasing discharge plasma 
density and decreasing ion collection by the screen and accel grids.  Exploration of these 
areas should lead to improved performance of the GHIT to the point where it can produce 














This derivation is included as it contains the fullderivation of the dispersion relation 
with all intervening steps shown.  It serves not only as an educational tool to explain the 
origin and assumptions of the dispersion relation, but also as a stepping stone for future 

























×=       (A.3) 
0=•∇ B
r
     (A.4) 
 
where B0 is the equilibrium magnetic field and B is the perturbed magnetic field.  These 









With this definition, B rotates clockwise along k for positive m.  Several assumptions are 
made: displacement current is negligible, plasma current is carried only by the ExB drift 
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Taking the divergence of Equation (A.2) and substituting the above assumptions, 
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Substituting Equation (A.3) in for E, 
 

























Using the results of Equation (A.5), 
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Substituting Equation (A.2) into (A.7), 
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×∇×∇=×∇ α  
             ( ) ( ) ( )BBB rrr ∇•∇−•∇∇=×∇α  
 




α        (A.10) 
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B           (A.12) 
 
where T is the transverse wavenumber, defined as 
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Equation (A.12) is in the form of Bessel’s equation.  In order to solve (A.12), the 
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Substituting these quantities into Equation (A.12), 
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Rewriting the third series so that r has the exponent of (k+n-2), 
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For k = 0, 
 
( ) 01 2022020 =−+− −−− nnn ramrnarann  
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If n = m, 
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If m is not equal to -½ then, 
 






a  for k = 2, 3, … 
 









Substituting in the first few values of l (1, 2, 3) to look for a pattern, 
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Substituting into the equation for Bz, 
 











































( )TrJCB mz 3=                (A.13) 
 
where C3 is a constant, and Jm(Tr) is Bessel’s function of the first kind of the m
th order.  
To find the r and θ components of Equation (A.9), 
 




































−=θα          (A.15) 
 
Substituting Equation (A.15) into (A.14), 
 





































+= α2        (A.16) 
 
Conversely by substituting (A.14) into (A.15), 
 

















































Taking Equations (A.16) and (A.17) and substituting i (A.13) for Bz and letting radial 
derivatives of Bessel’s function be denoted with a prime, 
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The recurrent relations for Bessel’s function are 
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Using these relations Br and Bθ can be written as 
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Substituting the amplitude into Equations (A.20) and (A.21), and rewriting (A.13) for the 
sake of completeness, 
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Substituting the definition of B0, 
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Substituting Equations (A.22) and (A.23) into (A.24) and (A.25), 
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( ) ( )( )TrJCTrJC
k
E mm 1211 +− +−=
ω
θ          (A.27) 
 
The boundary conditions for the wall can either be insulating or conducting.  For an 
insulating boundary, jr = 0 at r = a, where a is the radius of the discharge chamber.  From 
Equation (A.7), this leads to Br = 0 at r = a.  For a conducting boundary, Eθ = 0 at r = a, 
which also leads to Br = 0 at r = a.  Thus for a simple helicon the choice of boundary 
conditions is irrelevant.  However, it is unknown whether the solenoids surrounding the 
discharge chamber (a conductive boundary) dominates ov r the Pyrex discharge vessel 
(an insulating boundary).  Therefore the effective value of a changes depending on the 
nature of the boundary condition, but the form of the equations remains the same.  Figure 













Figure 142. Possible helicon wave radial boundary conditions. 
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Let the following variables be defined as, 
 
TaZ =  
ka=κ  
 
Equation (A.28) can be rewritten as 
 
( ) ( )ZJ
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       (A.29) 
Taking a Taylor expansion of Jm(Z) about Zm, 
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where Zm is the solution to the equation 
 






( ) ( ) ( )mmmm ZJZZZJ ′−≈             (A.30) 
 
Now assume that a variable αm can be defined from an approximation of Equation (A.29), 
 








Substituting this into Equation (A.30), 
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( ) 21221 κα += Z
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Like Appendix A, this derivation is included so that a full derivation of the problem.  
A full solution is not included, as it requires numerical integration using the boundary 
conditions.  However, a full definition of the problem and constants are presented. 
 
B.1 Derivation of the Modified Ohm’s Law 
 














0        (B.1) 
 
where m and v is the mass and velocity of an electron, respectively, e is the charge of an 
electron, E is the electric field, B is the magnetic field, and ν is the electron collision 
frequency.  Since the speed of the electrons is much greater than that of the ions, the 
contribution to current flow via ion motion can be n glected, resulting in a current 





0−=       (B.2) 
 






mνη =      (B.3) 
 

























           (B.4) 
 
Assuming the velocity oscillates as a complex exponential such that 
 
( )tivv ω−= exp  
 
Equation (B.4) can be written as 
 
















































































































0         (B.5) 
Note that if m goes to zero, η goes to zero and Equation (B.5) becomes identical to (A.3). 
 
B.2 Problem Definition 
 






































0                  (B.8) 
0=•∇ B
r
     (B.9) 
 
Again, neglect the displacement current and let all perturbations be complex exponentials 
of the form 
 
( )( )tkzmiff ωθ −+= exp  
 


































 −+××∇ 11 0
0
      (B.8) 
 
Note that the cross products of the first term can be written as 
 
    ( ) ( )jBBjBj rrrrrr •∇−•∇=××∇ 000  






















rr ×∇=××∇      (B.9) 
 
































































rrr ωµνω          (B.10) 
 







µωα =         (A.8) 
 
α can also be written in terms of the plasma frequency, ωp, and electron cyclotron 







ωωα =       (B.11) 
 
























Substituting (B.11) into (B.10), 
 
( ) 0=+×∇−×∇×∇+ BkBkBi cc
rrr
ωαωνω    (B.12) 
 
Now let Equation (B.12) be factorable into the form 
 
( )( ) 021 =×∇−×∇− B
r









=21        (B.14) 
 










β=×∇                       222 BB
rr
β=×∇                 (B.15) 
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This means that the solution is the composition of two different waves, each with a 
distinct total wave number β.  Note that the general solution to Equation (B.13) when 
substituted into Equation (B.13) results in the following. 
 








β×∇=×∇×∇                      222 BB
rr
β×∇=×∇×∇  
( ) 121121 BBB rrr β=∇−•∇∇                  ( ) 222222 BBB rrr β=∇−•∇∇  
Adding the two equations together yields 
 
( ) ( ) 222121222121 BBBBBB rrrrrr ββ +=∇−•∇∇+∇−•∇∇  
  ( ) ( )[ ] 222221211221 BBBBBB rrrrrr ββ +∇=−∇−•∇+•∇∇  
          ( )[ ] 222221211221 BBBBBB rrrrrr ββ +∇=−∇−+•∇∇  
       ( )[ ] ( )222221211221 BBBBBB rrrrrr ββ +∇−=+∇++•∇∇−  
        ( )2222212112 BBBB rrrr ββ +∇−=+∇  
 

























1              (B.17) 
Comparing Equations (B.12) and (B.13), it can be seen that when Equation (B.13) is 







=+ 21      (B.18) 
 
Substituting Equation (B.17) into (B.18), 
 

























= 222  
           ( ) cc kki ωαωββνω −=+ 222  





















νωγ +=      (B.19) 
 









=           (B.20) 
 








−−= m      (B.21) 
 
Note the similarity between Equations (A.9) and (B.15).  The equations are of the 
same form and can be solved in a similar manner; this means that α and β are analogous 
parameters.  From this it can be seen that Equation (B.15) thus describes two different 
waves, each one related to a corresponding β term.  To further examine these two waves, 
a closer look at β1 is illuminating. 
 
γααβ 21 +=       (B.22) 
 
Now suppose that the assumption that the electron mass can be neglected is brought back 
into use.  If me goes to zero, the cyclotron frequency becomes infinite, which makes γ 
approach zero by Equation (B.19).  This would create the identity of β1 = α, which would 
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make the first portion of Equation (B.15) identical to Equation (A.9).  Therefore, β1 





1 −−=           (B.23) 
 
For small magnetic fields, the following inequality is true. 
 
14 <<αγ  
 









=≅ 12  
 
Assume for a moment that collisions are neglected.  Thus, 
 
ω
ωβ ck=2  







Now recall that β, like α, is the total wave number of the wave, and k is the longitudinal 









Verbally, this means that β2 corresponds to an electron cyclotron wave, which is 
identified as the Trivelpiece-Gould wave. 
Since Equations (A.9) and (B.15) are of the same formthey can be solved in the same 
fashion, which means that their solutions are of a similar form.  The two differences are: 
α is replaced with β, and there are now two waves and solutions for β and T.  These 
observations combined with Equations (A.13), (A.18) and (A.19) result in the 
components of the magnetic field of both B1 and B2, 
 
( )rTJCB jmjjz ,3, =              (B.24) 



















,                     (B.25) 

















,                      (B.26) 
 
where j indexes the solution considered and takes the value of one or two, for the helicon 
wave or TG wave, respectively.  The transverse wave number, Tj, is defined as 
 




Equations (B.25) and (B.26) can also be expressed similarly to Equations (A.20) and 
A.21) using the recurrent relations. 
 









−++= ββ   (B.28) 











= ββθ    (B.29) 
 
At this point it should be noted that since there are two waves to solve, there are too 
many degrees of freedom for the single boundary conditi  used in Appendix A to be 
sufficient.  Additional boundary conditions require examining the behavior of the wave 
beyond the insulating boundary.  Generally there is a gap between the insulating 
boundary of the discharge chamber and the conducting surface of the magnetic solenoids 
where there is no plasma, yet the RF waves can still propagate.  This region is called the 
vacuum gap and requires an additional solution of Maxwell’s equations. 
 
B.3 Vacuum Gap 
 




                        (B.30) 
0=•∇ B
r


















000 εµµ               (B.33) 
 
The one major change in the vacuum gap is that with no plasma there can be no current, 
forcing j to be zero and the curl of B to be entirely drift current.  As before, let the 
magnetic field be of the form 
 
( )[ ]tkzmiBB ωθ −+= expr  
 




ω=×∇         (B.34) 
EiB
rr
00εωµ−=×∇                        (B.35) 
 




×∇−=×∇×∇ 00εωµ  
 





22 εµω=∇−  













      (B.36) 




ω=0             (B.37) 
 
It can be seen that Equation (B.36) looks very similar to Equation (A.10) except for the 
difference between k0 and α.  In this case, k0 is the total wave number inside the vacuum 
gap. One can then make the assumption that an equivalent equation exists that is a 




×∇=0      (B.38) 
 




×∇×∇=×∇ 0  
       BBk
rr
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which matches Equation (B.36) and confirms the assumption of Equation (B.38).  

































    (B.39) 
 






















































B            (B.40) 
 




2 kkT −≡  
 
Equation (B.40) is identical to Equation (A.12) solved earli r.  What has changed is that k 












3 kkT −≡  
3iTT =  
 
Here the subscript of three to refers to the vacuum gap, while one and two still refer to 
the helicon and TG wave solutions, respectively.  Equation (B.40) is thus Bessel’s 
equation with an imaginary argument, the solution of which is  
 
( ) ( )rTKCrTICB mmz 3231 +=  
 
For the vacuum gap case, we need a solution that is finite (specifically zero) as r goes to 
infinity, in which case only the second term is applicable.  This results in the solution 
 
( )rTKCB mz 33=        (B.41) 
 
where Km is the modified Bessel function of the second kind of order m.  This solution is 
similar to the ones already seen for Bz with a slight change due to the nature of the 
transverse wavenumber.  Expanding the curl of B in Equation (B.38) yields 
 




















0            (B.42) 
 
















−=θ0            (B.43) 
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3,3     (B.44) 
 






























0 θθ  
















0 θ  















θ     (B.45) 
 
A distinction to note between Equations (B.25) and (B.26) and those above is the 
presence of an additional negative due to the definition of T3.  The recurrence relations 
for the modified Bessel function of the second kind are 
 
( ) ( ) ( )( )rTKrTKTrTK mmmmmm 31131133' 2 ++−− −= ζζζ  










( )mimm e 1−== πζ  
 
Simplifying the above results in 
 
( ) ( ) ( )( )rTKrTKTrTK mmm 313133' 2 +− +−=             (B.46) 
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−−=             (B.47) 
 
Substituting Equations (B.46) and (B.47) into (B.44) and (B.45), 
 






































−−+=          (B.48) 
 






































−++−=θ           (B.49) 
 
B.4 Boundary Conditions 
 
To summarize the above findings, there are two regions f interest: the discharge 
chamber (r < a) that contains the plasma and the vacuum gap (r > a) where it is assumed 
that no plasma exists.  In the discharge chamber there are two possible solutions that 
correspond to the helicon wave and the TG wave, while t e vacuum gap contains only 
 
283 
one possible solution for the RF wave.  These three solutions are given the indices of one, 
two, and three respectively.  The two quantities of interest are β1 and β2, which can be 
used in Equation (B.20) to relate the plasma properties o device parameters and 








,3=                (B.50) 
 
the unknown quantities at this point are β1, β2, and the three Aj values.   
To solve for the above quantities, boundary conditions must be introduced.  The 
insulating boundary condition for the wall of the discharge chamber still applies, but the 
presence of multiple waves requires additional boundary conditions.  Three additional 
boundary conditions are set by the continuity of the radial, azimuthal, and axial magnetic 
fields through the insulating boundary.  The insulating boundary condition requires that 
 
0| ==arrj               (B.51) 
 
Substituting the definition of the current density into Equation (B.51) and taking into 
account the presence of two possible waves yields 
 
( ) 0|2,1, =+ =arrr jj  












02,21,1 =+ rr BB ββ            (B.52) 
 
Together the four boundary conditions require that 
 
( ) 0|2,21,1 =+ =arrr BB ββ        (B.52) 
( ) arrarrr BBB == =+ || 3,2,1,         (B.53) 
( ) arar BBB == =+ || 3,2,1, θθθ         (B.54) 
( ) arzarzz BBB == =+ || 3,2,1,         (B.55) 
 
Substituting Equations (B.24), (B.28), (B.29), (B.41), (B.48), and (B.49) into the above 
four boundary conditions results in 
0222111 =+
++ ZAZA ββ             (B.56) 
−++ =+ 332211 ZAZAZA            (B.57) 
+−− =+ 332211 ZAZAZA            (B.58) 




( ) ( ) ( ) ( )aTJkaTJkZ jmjjmjj 11 +−± −±+= ββ    (B.60) 
 















        (B.61) 
 
Substituting Equation (B.61) into (B.57), 
 





















AA           (B.62) 
 
Substituting Equations (B.61) and (B.62) into (B.58), 


























































Z      (B.63) 
 
Similarly, substituting Equations (B.61) and (B.62) into (B.59) yields 
 
        ( ) ( ) ( )aTKATaTJATaTJAT mmm 333222111 =+  



























































          (B.64) 
 
Equations (B.63) and (B.64) combined with Equation (B.60) and the definition of T thus 
define the value of β1 and β2 in terms of the device geometry.  The two equations are 
nonlinear equations that cannot be solved analyticaly but instead must be solved 
numerically for a given device configuration.  Once th se values are calculated they can 
be substituted into Equation (B.20) to generate the plasma dispersion relation for both the 












The convention for potential, φ, used is that in the bulk plasma the plasma potential is 











             (C.1) 
 
where ε0 is the permittivity of free space,  is the charge of an electron, i is the ion 
number density, and ne is the electron number density.  The electron number density is 














exp0            (C.2) 
 
where kb is Boltzmann’s constant, and n0 and Te is the electron number density and the 
electron temperature of the bulk plasma, respectively.  The ion number density at a 
certain potential in the sheath is determined by ion c ntinuity from the sheath boundary 
ion flux. 
 








































−=φ          (C.6) 
 
Assuming that the ions in the bulk plasma have negligible thermal velocity, the velocity 






                        (C.7) 
 












i nn                 (C.8) 
 










































      (C.9) 
 
Equation (C.9) can be non-dimensionalized by using the following substitutions. 
 
ebTk






















ξ              (C.12) 
 
































































































































































































































































Bohm        (C.14) 
 





















































































































Bohm      
 
The bulk plasma has no electric fields, which makes the first derivative of the 






















Bohm       (C.15) 
 




















The purpose of the RF system is to generate an altern ting voltage across the antenna 
that will propagate RF waves into the helicon discharge chamber.  The RF system 
consists of a Yaesu FT-540 high frequency transceiver to produce the RF signal, an 
ACOM 2000a linear amplifier to increase the signal power, an LP-100 power meter to 
monitor the output power, a pi-type matching network f  tuning the system, the antenna 
to transmit the signal into the plasma, and the RF transmission line to connect the 
components.  The transceiver and amplifier are selected to provide the desired frequency 
and power of the RF signal, while the antenna design i  set by the size of the discharge 
chamber and the frequency of the RF wave to be propagated.  The matching network and 
the transmission line both require additional design, as the former must account for the 
interaction of the latter with the rest of the system. 
 
D.1 Transmission Lines 
 
Generally speaking, a transmission line is a device designed to transfer energy from 
one point to another.  Specifically, for RF applications a transmission line is a device to 
propagate an electromagnetic wave within a controlled m ium.  One of the key design 
requirements of RF systems is the transfer of an RF signal from the source to the load 
without contaminating other devices.  Therefore, one of the requirements of a 
transmission line is to contain the RF signal such that there is negligible far-field 
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radiation.  Another desired attribute of a transmission line is to minimize thermal losses 
that could decrease transmission efficiency. 
 
D.1.1 Overview of Transmission Lines 
From a general perspective, there are two categories f transmission lines: those 
capable of transmitting transverse electromagnetic (TEM) waves and those that transmit 
only higher-order wave modes.  TEM waves are characterized by the electric and 
magnetic fields being orthogonal to the direction of propagation; in the higher-order 
propagation one or both of the components of the wave is in the direction of propagation.  
In the vernacular of RF system design, “transmission line” usually refers to the 
propagation of TEM waves, while the higher order modes are propagated by devices 
called waveguides.  Waveguides are outside the scope of this work and are neglected for 
the sake of brevity; therefore, the use of “transmission line” will refer only to those 
devices capable of transmitting TEM waves and not to waveguides. 
The most basic theoretical transmission line is a system of two infinite parallel plates, 
shown in Figure 143.  When viewed along the axis of pr pagation, the electric field lines 
are orthogonal to the plates, while the magnetic field lines are parallel to the plates.  In 
this configuration the wave propagates in part through the medium between the plates, be 
it vacuum or some dielectric material.  Since TEM waves are a subset of plane waves, the 
components of the wave will extend into the plates and propagate through a portion of the 
plates adjacent to the intervening medium.  As the field penetrates a distance x, it is 





























    (D.1) 
 
In the above equation, ω is the angular frequency of the signal, µ is the permeability of 
the conductor, and σ is the conductivity of the conductor.  Furthermore, x is defined such 






12 ==     (D.2) 
 

















ExE expexp0          (D.3) 
 
Thus when the wave has propagated a distance of δ, the amplitude of the field has 
decreased by a factor of 1/e.  Since the current density is related to the electric field, 
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JxJ expexp0          (D.4) 
 




















       
δ0' JI =                    (D.5) 
 
While the field will penetrate into the conductor beyond the skin depth, the effective area 
for conducting current is a layer of material with thickness δ.  Since the skin depth is 
inversely proportional to the frequency, at higher fr quencies a smaller portion of the 
conductor is used to carry the current.  This effect causes the resistance to be larger 










D.1.2 Characteristic Impedance 
The transmission line in Figure 143 is an idealized abstraction, but every transmission 
line contains two conductors to propagate the signal.  The interaction between the two 
conductors gives rise to a capacitance and inductance between them.  If the line is not 
lossless, it will also have a resistance along each conductor and a shunt conductance 
between the two that must be considered.  The net effect of these components is to create 
an impedance through the line.  Assuming the characteristics of the transmission line do 
not change along the length of the line, this impedance can be represented by a 
characteristic impedance of the line.  To demonstrate this, suppose one examines an 
infinitesimal segment of the transmission line from Figure 143 that is carrying a 
harmonically varying wave.  As a current I passes through a small segment of the line dx, 
a small voltage drop of dV will exist across the segment.  At the same time a, voltage 
drop V exists between the two conductors that drives the signal.  Figure 144 shows an 









Figure 144.  Differential element of a two-conductor transmission line (left), and corresponding 
circuit diagram (right). 
 
The series impedance per unit length of the segment is determined by the line 




''' LiRZ ω+=        (D.7) 
 
The shunt conductance, G’, and the capacitance, C’, determine the shunt admittance, 
defined as 
 
''' CiGY ω+=         (D.8) 
 
In both Equation (D.7) and (D.8) the transmission line characteristics are per unit length.  
The voltage drop dV across the segment is then  
 
dxIZdV '=  
'IZ
dx
dV =        (D.9) 
 
Likewise, the current dI passed between the two conductors is 
 
dxVYdI '=  
'VY
dx
dI =      (D.10) 
 


















































Id +=            (D.12) 
 
Since the transmission line is assumed to be uniform across its length, the derivatives of 













Id −=            (D.14) 
 
Equations (D.13) and (D.14) are the basic wave equations for a transmission line, 
which form a system of two second-order ordinary differential equations.  Assuming a 
solution for Equation (D.13) of the form 
 
xeV γ=      (D.15) 
 
Substituting Equation (D.15) into (D.13) yields 
 
xx eYZe γγγ ''0 2 −=  
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( ) xeYZ γγ ''0 2 −=  
          ''0 2 YZ−= γ  
''YZ±=γ          (D.16) 
 
Since there are two roots, the general form of the solution is 
 
( ) ( )xYZCxYZCV ''exp''exp 21 −+=    (D.17) 
 
Equation (D.14) could be solved in a similar fashion, but this would result in two 
additional constants.  Instead, Equation (D.17) can be differentiated with respect to x and 
substituted into Equation (D.9) 
 

















21 −−=        (D.18) 
 
In order to determine the constants C1 and C2, Equation (D.17) is evaluated at the 
boundary condition of x = 0, yielding 
 




In general, the voltage on the line is actually thesum of two harmonically varying 
voltages of unequal amplitudes, V1 and V2.  Thus the constants C1 and C2 can be 
considered as corresponding to the voltages V1 and V2.  Since the constants are 





ω=       (D.20) 
 
 
where k is either 1 or 2.  Substituting (D.20) into Equations (D.17) and (D.18) yields 
 
( ) ( )xYZeVxYZeVV titi ''exp''exp 21 −+= ωω        (D.21) 














       (D.22) 
 
Revisiting Equation (D.16), γ is the propagation constant and is a complex quantity.  The 
real part is called the attenuation constant, α, and the imaginary part is called the phase 
constant, β.  The propagation constant can thus be written as 
 
βαγ iYZ +== ''           (D.23) 
 




( ) ( )xtixxtix eeVeeVV βωαβωα −−+ += 21        (D.24) 






I βωαβωα −−+ −=
''''
21       (D.25) 
 
From Equations (D.24) and (D.25) it can be seen that the voltage and current are set 
by two waves propagating through the transmission line.  The difference in sign of the 
eα+i β terms between the two waves signifies that the waves propagate in opposite 
directions along x.  The first term in both equations corresponds to a wave propagating in 
the negative x direction, while the second term corresponds to a wave propagating in the 
positive x direction.  Additionally, each wave has two exponential factors, one 
corresponding to the attenuation constant, and the o r corresponding to the phase 
constant.  The different sign of the attenuation costant between the two waves means 
that the first wave decreases in amplitude as it propagates in the negative x direction, and 
the second wave increases in amplitude as it propagates in the positive x direction.   
To return to the original intent, the characteristic impedance is the ratio of the voltage 
across the line to the current passed for a single wave.  Taking the first wave of Equations 








Z ==        (D.26) 
 













+=        (D.27) 
 
In general the characteristic impedance is complex.  If R’ and G’ are small, or if the 






Z =               (D.28) 
 
In this case, the characteristic impedance is real and can be thought of as a characteristic 
resistance, but in general it is still referred to as an impedance.  When the characteristic 
impedance is real, the line is considered lossless.  If R’ and G’ are small but not 






























       (D.29) 
 
This reveals that there is a special case in which the line can still be considered lossless, 









G =  
 





φ =v            (D.30) 
 





v =φ                (D.31) 
 
The above derivation applies to any given transmission line, but the exact values for 
L’  and C’ are dependent on the geometry and material of the transmission line.  While the 
infinite parallel plate transmission line is convenient for calculations, it is impractical for 
actual applications.  Therefore, more realistic transmission line configurations will have 
to be considered. 
 
D.1.3 Types of Transmission Lines 
There are two primary geometric configurations for transmission lines that are 
derived from the parallel plates.  Consider a transmis ion line made from finite parallel 
plates, shown in Figure 145 (a).  Supposing one wished to change the geometry by 
bending the plates, there are two options: deflecting he plates in opposing or matching 
directions, shown in Figure 145 (b) and (c), respectiv ly.  Continuing until the boundaries 
of each plate closes, this results in either a two wire transmission line, Figure 145 (d), or a 
coaxial transmission line, Figure 145 (e).  The two- ire line is commonly referred to as a 
“balanced line,” as the configuration lends itself to having both lines carrying a voltage 
with respect to ground that is equal in magnitude, but opposite in polarity.  The coaxial 
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line is referred to as an “unbalanced line,” as thevoltage drop between the center 
conductor and ground is equal to the voltage signal of the line, while the outer conductor 








Figure 145.  Transmission line evolution.  a) parallel plate, b) plates deflected in opposing directions, 
c) plates deflected in the same direction, d) two wire line, e) coaxial line. 
 
D.1.3.1 Balanced Transmission Lines 
Recalling Equation (D.28), the characteristic impedance, for a lossless line, is a 
function of the series inductance and the shunt capacitance between the two inductors.  




























         (D.32) 
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where D is the distance between the centers of the two conductors, a is the radius of the 
conductors, and µ and ε are the permeability and permittivity of the surronding medium, 
respectively.  This expression assumes that the line is lossless, or that the frequency is 
high enough such that the line can be considered lossless.  A simplification can be made 














Figure 146. Balanced line geometry. 
 
A key fact of RF system design, which will be explained in further detail in the next 
section, is that changes in impedance must be avoided to ensure optimal system 
performance.  From Equation (D.33) it is seen that balanced lines are sensitive to the 
separation distance between the conductors.  Should a section of the line undergo some 
geometric distortion, the impedance of that section would change and lead to an 
impedance mismatch and a corresponding loss of power.  A common solution is to attach 
non-conducting supports between the two elements at an interval to constrain the 
separation distance.  This configuration is referred to as a ladder line, although the 
support structure does not necessarily have to be confined to that shape.  Some smaller 
ladder lines are constructed with an insulating plastic ribbon that connects along an 
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insulating sleeve covering each conductor.  Another concern with balanced lines is that 
while for the far-field condition the line has negligible exterior power radiation, for the 
near-field this is not necessarily the case.  This means that either the line must be placed 
away from other conductors and signal lines, or a gounded shield must be placed around 
the line. 
 
D.1.3.2 Unbalanced Transmission Lines 










=        (D.34) 
 
where a is the radius of the inner conductor, and b is the inner radius of the outer 
conductor.  Again, µ and ε are the permeability and permittivity of the interv ning 





Figure 147. Unbalanced line geometry. 
 
Like balanced lines, the impedance of the unbalanced line is sensitive to the 
separation distance between the inner and outer condu tors.  While it is possible to use a 
truss frame to constrain the geometry if a vacuum gap is desired, it is much more 
 
307 
common to fill the region with an insulating material such as nylon or Teflon.  One 
practical consideration when using unbalanced lines s that the line is not bent through a 
small radius of curvature, as this would distort the shape of the line and lead to a change 
in impedance.  Coaxial lines avoid the near-field ra iation concerns by completely 
internalizing the interaction between the two conductors.  Since a wave can only 
propagate into a medium an effective distance of the skin depth, only the inner region of 
the outer conductor passes the signal; the outer surface of the outer conductor carries no 
signal and acts as a shield.    
 
D.1.4 Transmission Line Termination 
In the discussion thus far, the transmission line has been treated as effectively infinite 
with no termination.  Since the goal of a transmission line is to deliver an RF signal from 
the source to some load, the effects of connecting to this load must be considered.  As has 
already been discussed, a signal propagating on a transmission line can be thought of as 
the sum of two travelling waves moving in opposite directions.  The first is a forward, or 
incident, wave on the load and the other is a reflected wave towards the source, as shown 









Figure 148. Transmission line termination. 
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0,=     (D.35) 
tiix
RR eeVV
ωζγ +−= 0,     (D.36) 
 
where VF is the voltage of the forward wave, VR is the voltage of the reflected wave, and ζ 
is the phase shift between the two waves that occurs at the load.  The reflection 
coefficient for voltage, ρv, is defined as  
 





















           (D.37) 
 
The net voltage at a point is thus 
 
( )xvxF eeVV γγ ρ −+= 0,             (D.38) 
 




ωϕγ −= 0,     (D.39) 
( ) tiix
RR eeII




where φ is the phase difference between the current and the voltage.  The reflection 
coefficient for the current, ρi, is 
 





















           (D.41) 
 
The net current can then be expressed as 
 
( )xixiF eeeII γγϕ ρ −− −= 0,            (D.42) 
 
The goal of this examination is to determine how the behavior of the wave changes with 










Z ==0          (D.43) 
  




ZL =              (D.44) 
 
















































0          (D.45) 
 
The above equation reveals a special case where the r flected wave is zero when the 
impedance of the load is the same as the impedance of the transmission line.  It also 
shows that the reflection coefficient can range from -1 to 1 in value.  Another parameter 
used to describe wave propagation through a transmission line is the voltage standing-
wave ratio (VSWR, also referred to as simply the SWR). 
 

















=         (D.46) 
 
























             (D.47) 
 
The SWR varies in value from one to infinity, where one corresponds to no reflection, 
and infinity corresponds to complete reflection.  A large SWR can be problematic for two 
reasons.  The first is that the reflected wave propagates back through the transmission 
line and is attenuated by the line impedance, which is dissipated as heat into the line.  The 
second reason is a large voltage signal reflected back at the source could damage the 
equipment.  Therefore it is highly advantageous to have the load impedance equal to the 
line impedance.  However, in this particular application the load is often an antenna 
coupling to a plasma.  Due to the potential for the plasma impedance to change as a 
function of the input power and other operational prameters, a fixed load impedance is 
not guaranteed.  Therefore an additional device, called a matching network, must be 
included that can provide a variable impedance to ensure the load impedance matches the 





D.1.5 Power Attenuation 
While much of the discussion on transmission lines ha assumed negligible power 
loss, in practice there is always some loss across a transmission line that should be taken 
into account.  Line loss, sometimes referred to as cable loss, is the ratio of the power 
received at one end of the line to the power transmitted at the other end.  The cable loss 
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where PRx is the received power and PTx is the transmitted power.  It is most common to 
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This form of the cable loss is called the matched-line loss and assumes no reflected 
signal.  If the SWR is greater than 1, the signal is further attenuated by a portion of the 
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One consideration to remember is that in Equation (D.47) the reflection coefficient is 
at the load.  If a directional coupler is used to measure the SWR and is placed near the 
source, it will give an inaccurate reading because part of the reflected wave will be 
attenuated by the transmission line.  In that situation the reflection coefficient at the 
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where SWRs is the SWR measured at the source. 
 
D.2 Matching Networks  
 
D.2.1 Impedance Matching 
A key note from the previous section is maximum power transfer is achieved when 
the impedance of the source and the load are equal.  When a change of impedance occurs, 
part of the signal is reflected back towards the source.  Once at the source this signal is 
reflected again towards the load, eventually setting up a standing wave between the 
source and the load.  This situation is undesirable for two reasons: a signal reflected 
repeatedly through the system passes through a longer distance of the transmission line 
which leads to increased power dissipation into the transmission line.  The second reason 
is signals reflected back at the source can damage the amplifier or the transceiver.  The 
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solution to this is to ensure that every component of the RF system has the same 
impedance.  Most commercially available components, such as the transceiver, the 
amplifier, and the power meter, have impedances of 50 Ω.  Transmission lines and 
associated fittings and feedthroughs also are available in various characteristic 
impedances, including 50 Ω.  The one component that does not have a 50 Ω impedance is 
the antenna. 
There are two approaches to designing an RF system that includes an antenna.  The 
first is to design an antenna with a set impedance at a specific frequency of interest that 
matches the impedance of commercially available equipment.  Since the impedance of 
the antenna changes as a function of frequency, this essentially limits the system to a 
single frequency, but ensures that there is no impedance mismatch.  The second approach 
is to design a circuit network consisting of inductors and capacitors that, when connected 
in series with the antenna, creates an equivalent impedance that matches the rest of the 
system.  If the components of this circuit network a e tunable, this allows for a variable 
frequency system since the impedance of the circuit can be tuned as the impedance of the 
antenna changes with frequency.   
As an example, suppose one wishes to match a 50 Ω source to a 2 Ω antenna, as 
shown in Figure 149.  The simplest impedance matching c rcuit consists of a variable 
inductor in series with the antenna and a parallel variable capacitor shunt to ground.  The 
placement of the shunt capacitor depends on the relativ  impedances of the source and 
the load, as the capacitor is always placed on the side of the inductor that has the higher 
impedance.  In this example the shunt capacitor is placed on the source side of the 









Figure 149. Example impedance matching. 
 
The addition of the matching network serves to increase the equivalent impedance 
downstream of the source up to 50 Ω. The values of the capacitor and inductor needed to 
reach 50 Ω can be determined by summing the series impedance of the inductor and the 
antenna and combining it with the parallel impedance of the capacitor, shown below.   
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Note that since j is used to denote current density, the standard electrical engineering 
convention of denoting the imaginary component with j will be replaced with the 
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To solve the complex division, the numerator and denominator of Equation (D.56) are 
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The goal of the matching network is to transform the load into a purely resistive 
impedance of 50 Ω.  For complex impedances, the real component denotes resistive 
impedance, and the imaginary component denotes reactiv  impedance.  For optimal 
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Substituting Equation (D.58) into (D.57) and the desired value of 50 for Zeq, the value of 
L is found to be 0.115 µH.  Substituting L into Equation (D.58), the value of C is 1,150 






D.2.2 Matching Network Types 
There are many different configurations of impedance matching circuits, with the 
application of each one depending on relative impedances between the source and the 
load.  The three outlined below are the ones most commonly seen in RF applications.   
 
D.2.2.1 L-type: 
The network depicted in Figure 149 is a simplified version of an L-type matching 
network with an idealized load.  In a real application the antenna is not solely resistive, 
but instead consists of resistive, inductive, and capa itive components.  The resistive load 
is caused by the finite length of the transmission line and the antenna, while the inductive 
load arises from the shape of the antenna.  The capacitive component of the load is 
partially the stray capacitance between system elements, but also includes parasitic 
capacitance between the system and the surroundings.  Furthermore, as had been 
mentioned in the example, there are two configurations for the network, depending on the 
relative impedances of the source and the load.  A more complete representation of an L-




















Figure 151. L-type matching network, ZA > Zs 
 
In general L-type networks consist of an inductor and capacitor in series with the 
antenna and an additional shunt capacitor in parallel.  The shunt capacitor is called the 
load capacitor, while the series capacitor is called the tuning capacitor.  The origin of 
these names can be found by repeating the example from the previous section, but with 
the expanded L-type network.  For the sake of simplicity, assume that LA and Cp are both 
zero, and RA is still 2 Ω.  Additionally, instead of considering the load being tuned to the 
source impedance, it is the source that is tuned to the load impedance.  Thus the circuit 







Figure 152. Example L-network revisited.  
 
From the perspective that the 50 Ω source is being matched to the 2 Ω load, the 
circuit becomes the source in parallel with the load c pacitor, with the combination of the 
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two in series with the inductor and the tuning capacitor.  Hence, the equivalent 
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Here it is useful to consider the impedance as the sum of the resistive (real) and reactive 
(imaginary) components, 
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The important point to take from Equation (D.56) is that the only real component is 
the first term.  Since from this perspective the equivalent impedance is being matched to 
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Substituting the values for Rs and RA into Equation (D.57) yields a load capacitance of 
1,150 pF, which is the same value found previously.  Thus for this perspective (matching 
to the load, rather than the source) the shunt capacitor sets the real component of the 
equivalent impedance to match the load, hence the name “load” capacitor.  The tuning 
capacitor gets its name from the fact that it tunes the imaginary component of the 
equivalent impedance in conjunction with the inductor.  Mathematically, Equation (D.64) 
cannot be solved, as there are two unknown variables.  Since this kind of L network is 
over-controlled, only one component is theoretically needed.  In practice the load is 
rarely purely resistive.  Since inductive and capacitive elements have positive and 
negative reactances, respectively, a capacitor and an inductor are used to compensate for 
potential presence of capacitive and inductive loads, respectively. 
 
D.2.2.2. π-type: 
The primary limitation of the L-type network is tha it can only tune in one direction, 
for either a higher load impedance than the source, or a lower load impedance.  The π 
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network solves this problem by joining two L networks together, overlapping at the 
inductor.  This allows for matching the impedance of the load to the source regardless of 
whether the load impedance is greater or less than e source impedance.  In this 
configuration the capacitors are called “input” and “output,” where the input capacitor is 
placed on the source side of the inductor, and the output capacitor is placed on the load 









Figure 153. π-type matching network. 
 
  The flexibility of the π network can be seen by comparing it to an L network.  While 
the L network matches the load to the source or vice ersa, the π network tunes both 
impedances to some common point.  Consider the π n twork circuit redrawn below in 
Figure 154 with the input and output capacitors grouped with the source and load, 
respectively, in parallel.  This results in a series of three impedances: the equivalent 
impedance of the source, the impedance of the inductor, and the equivalent impedance of 










Figure 154. π network with equivalent impedances. 
 
For convenience, the impedance of the antenna and the source can be written as 
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SS RZ =      
 
The equivalent impedance can then be written as 
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The impedance matching requirement can be written as 
 
AeqLSeq ZZZ ,, +=          (D.67) 
 
Separating Equation (D.67) into the real and imaginry terms and substituting Equations 
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Thus the two capacitors tune the real component of the impedance of source and the 
antenna to each other, while the inductor serves to balance the imaginary component. 
 
D.2.2.3. T-type: 
While a π network can be thought of as two L networks joined at a common series 
inductor, a T network is analogous to two L networks sharing a common shunt capacitor.  
The goal of this configuration is similar to the π network, as it is capable of matching to 
either a higher or lower load impedance compared to the source.  Figure 155 shows a 












Figure 155. T-type matching network. 
 
The equivalent impedance seen by the load is the seri s summation of the antenna 
reactance, the reactance from the second inductor, and the parallel combination of the 
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Separating the terms into real and imaginary components, 
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Since an ideal match occurs when the equivalent impedance is purely resistive and equal 
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In a T network the capacitor and the first inductor une the real component of the 
impedance, while both inductors and the capacitor tune the imaginary component. 
 
D.3 Antenna Connection 
 
D.3.1 Antenna Types 
While the matching network serves to maintain a uniform impedance throughout the 
RF system, there is an additional consideration in co necting to the load when the load is 
an antenna.  Limiting the selection to those fed by two-conductor transmission lines, 
there are two types of antennas: monopole and dipole.  Monopole antennas, often called 
aerials, are single lead antennas that use surrounding grounded surfaces as a signal return.  
Monopole antennas are commonly used in conjunction with unbalanced coaxial lines 
with the antenna connected to the center conductor.  Dipole antennas, in contrast, are fed 
with a balanced transmission line with each conductor feeding a symmetric portion of the 
antenna.  These segments can either be separate, as in the case of a simple dipole antenna, 






Figure 156.  Sample antennas: (a) monopole antenna connected to coax line; (b) dipole and (c) loop 
antenna connected to balanced line. 
 
The double saddle antenna used in the helicon plasma source is a dipole antenna, and 
thus normally would be fed with a balanced line.  However, coaxial unbalanced lines 
offer several advantages over balanced lines.  The first is that the coaxial lines contain the 
signal and do not have any near-field radiation.  This is especially useful when 
connecting to an antenna that is part of a thruster, where conductive components would 
be placed in the near-field region of the line.  If a balanced line was used, this could lead 
to the line radiating to the thruster components.  Another benefit is coaxial lines can 
strongly constrain conductor separation without greatly limiting cable flexibility, which 
eases thruster and RF system design.   
While feeding a dipole antenna with a coaxial transmis ion line is an attractive idea, it 
does create one problem.  Generally when coaxial lines are used to feed an antenna, only 
the center conductor is used; however, a dipole antnna requires a connection to both 
conductors of the transmission line.  This necessitates connecting one terminal of the 
antenna to the shield of the coax line.   Discussion in Section D.1.3.2, however, noted that 
the wave propagating through the line passes only through an inner layer of the outer 
conductor.  If the outer conductor is connected to one of the antenna terminals, this 
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creates a connection between the inner and outer lay s of the outer conductor, allowing a 
portion of the antenna current to pass back along the outer conductor on the outer surface.  
This creates two problems - the first is that the antenna is now asymmetrically fed, as part 
of the current passing through the inner conductor is passed back along the outer layer of 
the conductor, rather than the antenna.  The second problem is the outer conductor is now 
radiating and acts as a second broadcasting antenna.  Both of these problems make it 
more difficult to effectively match the impedance, and causes non-uniform ionization 
within the helicon discharge and within the vacuum chamber as a whole. 
 
D.3.2 Baluns 
Despite the difficulties in feeding a dipole antenna with a coax transmission line, the 
benefits of using the more flexible coax line merit solving the issue rather than simply 
using a balanced line.  The common solution to feeding dipole antennas with an 
unbalanced line is to include a balun between the coax line and the antenna.  A balun 
converts a transmission line from balanced to unbalanced, (the name balun is derived 
from “balanced to unbalanced”).  For this kind of application, there are two types of 
baluns that can be used: transformer and choke.  Transformer baluns use a voltage 
transformer to create two output leads that have equal magnitude of potential from 
ground, though in opposite directions.  A choke balun does not include a DC break, but 
instead adds a large inductive impedance on the outr conductor that suppresses the 
current passing along the outer layer of the outer conductor.  Figure 157 shows a 
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Figure 157. Dipole antenna connection to a unbalanced coax line. (a) Direction connection with 
contaminated outer conductor, (b) transformer balun connection, and (c) choke balun connection. 
 
The most common form of a transformer balun is ferrite toroid with two windings, 
one for each transmission line.  The number of turns in each winding is generally the 
same, although different turn counts can be used when a larger or smaller voltage is 
desired.  Another feature of toroidal baluns is that it creates a DC break between the two 
lines.  An alternative configuration that uses less winding material is an autotransformer 
balun.  An autotransformer consists of a single winding around a ferrite rod where the 
center conductor of the unbalanced line is connected to one end of the coil along with one 
conductor of the balanced line.  The other conductor is connected to the other end of the 
coil and the outer shield of the unbalanced line connects to a tap on the coil.  The exact 
placement of the tap determines the relative voltage step of the transformer.  
Autotransformers do not have a DC break between the two transmission lines, but require 
fewer windings and can use a smaller ferrite core.  In either configuration, if a 1:1 voltage 
ratio is used, the balun is referred to as a current balun, as the input and output currents 








Figure 158. Transformer baluns. (a) 1:1 toroidal balun and (b) autotransformer balun. 
 
Choke baluns differ from transformer baluns in that they do not fully create a 
balanced line where the voltage signal is equally carried between the two lines.  Instead, a 
choke balun maintains the unbalanced voltage distribution and suppresses the current on 
the outer layer of the outer conductor by providing a large inductive impedance to RF 
signals.  One of the most common approaches is to create an inductor out of the 
transmission line itself.  If the length of the transmission line is large, the line can be 
wound into a coil around some insulating body to create an air-core inductor.  If the 
transmission line length must be minimized, a more eff ctive approach is to wind the line 
around a toroidal ferrite.  Choke baluns are also refer ed to as current baluns, as the 
current through the balun is maintained.  In general, about 1,000 Ω of impedance is 
recommended to effectively suppress the current on the outer shield. 
 
D.3.3 Ferrite Selection 
In both balun configurations the use of a ferrite core is either required or 
recommended for optimal performance.  Hence, the selection of ferrite material is a key 
component to designing a balun.  The defining characte istic of a ferrite material is the 
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where B is the magnetic flux density, and H is the magnetic field intensity.  The 
permeability can also be expressed in terms of the relative permeability, µr, 
 
0µµµ r=      (D.76) 
 
where µ0 is the permeability of a vacuum.  For some materials the permeability is 
effectively a scalar constant, but for ferromagnetic materials the permeability is a 
function of frequency and composition.  At higher frequencies it is useful to consider 
permeability as a complex quantity, 
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where µ’ denotes the inductive component and µ” denotes the resistive loss component.  
Manufacturers often present the complex permeability in a plot of both components as a 
function of frequency, as shown in Figure 159.  Using such a plot with a given frequency 



















Figure 159. Complex permeability of type M NiZn ferite.87  
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where XL is the inductive reactance and R is the resistance of the ferrite.  The quality 
factor is a measure of how much of the applied impedance is lossless.  A low quality 
factor implies much of the countering magnetic energy is dissipated through resistive 
heating.  This is particularly important in vacuum applications where ferrites have 
negligible cooling.  If the temperature of the ferrite exceeds the Curie temperature of the 
material, the material will transition from being ferromagnetic to paramagnetic.  This 
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causes the effectiveness of the toroid to greatly diminish, effectively eliminating the 
balun of which it is a component of.  Therefore it is desirable to have a ferrite that 
maximizes the quality factor. 
The resultant design parameter of interest for the ferrite is the inductance, which for a 
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where N is the number of turns around the toroid, H is the height, r2 is the outer radius, 
and r1 is the inner radius of the toroid.  The magnitude of the permeability is 
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D.4 RF System Selection 
 
The direct application of the previous sections is the design of the RF system.  There 
are two figures of merit for the RF system: the power attenuation through the system and 
the directivity of transmission.  Power attenuation is the loss of power through the system 
due to resistive losses, the primary cause of which is the transmission line.  The 
directivity of RF transmission is primarily concernd with transmission from components 
other than the antenna.  The directivity of the anten a itself is neglected, as the antenna is 
selected to match previous research that uses a double saddle antenna.  The design 
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objective for the RF system is to minimize power attenuation and RF transmission from 
the line and other components. 
 
D.4.1 Power Attenuation 
The function of an RF power system in this application is to deliver an RF signal to 
an antenna which couples the RF power to the plasma.  The two primary performance 
metrics of an RF system are the power attenuation fr m the source to the load (the 
plasma) and the amount of transmission from system co ponents other than the antenna.  
The power attenuation is particularly important, as it decreases the effective power output 
of the RF system and the range of operating conditions available for testing.  There are 
two sources of attenuation: resistive losses as the signal propagates through finite 
impedance, and reflective losses caused by mismatched impedances between components 
in the system.  The latter is resolved through prope  selection of components and the use 
of a matching network.  The former can only be miniized by reducing the number of 
resistive components in the line.  Generally, the largest contribution to attenuation is the 
transmission line itself. 
The propagation constant is defined in Equation (D.23) in terms of real and imaginary 
components.  The real component is called the attenua ion constant and describes the 
resistive power loss through the line.  In a loss-less line, where resistance and 
conductance are zero, the attenuation constant is zero.  In an actual transmission line, 
resistance and shunt conductance are low, but non-zero.  Furthermore, resistance 
increases with frequency, as the current only penetrates into the conductor a distance of 
skin depth.  An estimate of the resistance per unitle gth of the center conductor of a 
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where d is the diameter of the center conductor. 
The attenuation constant for a realistic transmission line can be estimated by 
assuming that the transmission line is close to lossles , where R’/ωL’<1 and G’/ωC’<1.  
With this assumption, Equations (D.7) and (D.8) are substituted into Equation (D.23) and 
a first order Taylor expansion is used to simplify the radicands.  Assuming R’/L’  > G’/C’, 
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where Z0 is the characteristic impedance of the line.  Substituting Equation (D.80) into 
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This estimate of the attenuation constant only takes into account the resistance of the 
center conductor, and not the resistance of the outr shield, or dielectric losses of the line.  
As an example, at 10 MHz Equation (D.82) results in a line loss for RG-58/U of 0.67 dB 
per 100 feet.  However, the documented loss for RG-58/U is 1.2 db per 100 feet.  Despite 
this, Equation (D.82) demonstrates that even in the relatively low frequency range around 
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10 MHz, power attenuation from excessive cable length can be a non-negligible 
percentage of the transmitted power. 
 
D.4.2 RF System Variants 
 Since the primary source of power dissipation is in the transmission line, one of the 
central design points for the system is the method for connecting the RF equipment to the 
antenna.  There are three variants on the RF system that were developed that utilized 
different approaches to this transmission line connection.  The first is designed around 
half-wavelength resonance, where a transmission line that is an odd number of half-
wavelengths long does not contribute to impedance.  The second minimizes the 
transmission line length and relocates the matching network inside the vacuum chamber.  
The third variant is a hybrid setup of the previous two, where the transmission line length 
is minimized, but the matching network remains outside of the vacuum chamber. 
 
D.4.2.1 Resonant Line Configuration 
The design methodology of the resonant line configuration is to attempt to remove the 
impedance of the transmission line between the matching network and the antenna.  
Normally when the matching network is separated from the antenna by a transmission 
line, the impedance of the line is added to the impedance of the load to be matched.  The 
fixed line length for a given frequency requirement is imposed in order to create a 
resonating line that would make the line effectively lossless, thereby removing it from the 
impedance matching circuit. 
There are three sections to the RF system: the source cabinet, the matching network, 
and the antenna.  The source cabinet contains a Yaesu FT-540 HF transceiver to generate 
 
336 
the signal, connected with a 0.9 m RG-58 cable to an ACOM 2000A linear amplifier.  
Another 0.9 m length of RG-58 connects the output of the amplifier to the directional 
coupler of the LP-100A RF wattmeter, which measures the RF power transmitted and 
standing wave ratio (SWR) with an uncertainty of ±5% for power and ±0.05 for the 
SWR.  The source cabinet is connected to the matching network with 8.1 m of RG-58.  
The matching network is a custom π-type consisting of two 7-1000 pF variable vacuum 
capacitors and a 1-35 µH variable inductor.  Three Applied Motion OMHT17-05 stepper 
motors are remotely driven to vary the three components of the matching network.  The 
matching network is connected to the chamber feedthrough by RG-393 of a variable 
length as set by the frequency.  RG-393 is utilized for the higher maximum operating 
temperature (200 ºC compared to 80 ºC for RG-58).  A final length of 5.3 m of RG-393 
connects the interior side of the chamber feedthrough to the antenna.  A schematic of the 
resonant line RF system is shown in Figure 160. 
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Figure 160.  Resonant line RF system configuration schematic.  L denotes variable cable length set by 




The total length of the transmission line is dependent on the geometric restrictions of 
the distance between each section of the RF system and whether the resonant criterion is 
used for the line connecting the matching network and the antenna.  The line lengths 
connecting the components from the transceiver to the matching network are due to the 
geometry of the RF cabinet and the vacuum chamber, th  latter of which must be elevated 
above the ground to allow space for the diffusion pum s.  Placement of the source 
cabinet on the ground below the chamber is necessary to minimize line length between 
the cabinet and the RF ground, which is a 1.3 cm diameter iron rod driven into the 
ground.  The length of the transmission line from the matching network to the antenna is 
the section that is set by the resonant line condition.  However, the line length inside the 
chamber of 5.3 m is the minimum necessary to reach from the feedthrough to the test 
setup.  Therefore, the section of the transmission line where length can be varied by 
frequency is between the matching network and the feedthrough.  There are two 0.25 cm 
segments attached to the feedthrough and the matching network output that terminate in 
N-type connectors.  Between these two connections, additional cable of length L is placed 
to set the overall transmission line length.  The resonant line condition for an operating 
frequency of 13.56 MHz using RG-393 requires a line length of 5.2 m for the first 
harmonic, which is not feasible due to geometric limitations inside the chamber.  
Therefore the next harmonic must be used, which uses L = 8.3 m of additional cable 
connected between the matching network and the feedthrough.  
 
D.4.2.2 In-Vacuum Matching Network Configuration 
The alternative design relocates the matching network inside the chamber.  With the 
resonant line condition is removed, the transmission line between the matching network 
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and the antenna is again a part of the matching circuit.  However, since the matching 
network is now located inside the chamber, this line length is reduced such that the 
impedance of the line is negligible compared with the load.  This reduces the power 
attenuation caused by the transmission line and increases power transmitted into the 
plasma.  This is called the in-vacuum RF system configuration, denoting the placement of 
the matching network inside the vacuum chamber. 
Relocation of the matching network requires two modifications to the RF system.  
The first is to alter the grounding of the matching network circuit to prevent ground loops 
and the formation of a plasma discharge inside the network.  The original circuit design 
grounded the shield of the coax line to the matching network chassis, where the low 
potential sides of the variable capacitors are also gr unded.  This is a sufficient 
configuration when the matching network is located outside of the vacuum chamber on a 
nonconductive surface, as the grounded chassis contains he RF signal.  Inside the 
vacuum chamber, the low base pressure and the distance between the components and the 
chassis of approximately 4 cm allow the formation of a glow discharge at sufficiently 
high powers.  The conductive chassis also creates ground loops either through contact 
with mounting hardware, or through ambient plasma generated from the helicon plasma 
source. 
The solution to the ground loops and glow discharge formation is to isolate the 
matching circuit from the chassis and ground the chassis to the vacuum chamber.  The 
low voltage terminals of the capacitors are connected to the shields of the input and 
output coax lines using 10 AWG wire insulated with f berglass and mica.  This eliminates 
the occurrence of generating a discharge between the matching network components and 
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the chassis, as well as eliminates ground loops between the matching network and the 

















Figure 161. Matching network circuit for the resonant-line (left) and in-vacuum configuration (right). 
 
The second modification required for the system is to the antenna connection.  One 
result of using a coax line to connect to a loop anten a is that it causes the outer shield to 
broadcast the signal.  In a coax line, the RF signal propagates between the inner 
conductor and the shield, but due to the skin depth ffect only the inner surface of the 
shield carries the current.  When a coax line is terminated at an antenna using the cable 
shield, the inner and outer surfaces are shorted, allowing a portion of the current to 
propagate along the outer surface of the shield.  This can result in the cable broadcasting 
into the chamber and create a low density plasma discharge around the cable.  The third 




The first option for removing the outer shield current is to connect the matching 
network to the antenna with a balanced line.  This method is undesirable, as the presence 
of conductive surfaces in the near-field region of a balanced line would inhibit proper 
coupling of the RF power into the plasma.  An alternative approach is to use a choke 
balun to add impedance along the outer surface of the coax line and inhibit the exterior 
current, discussed previously in Section D.3.2.  Some choke baluns are constructed by 
simply winding the transmission line into a coil to create the inductive impedance, but a 
more effective approach that minimizes line length is to pass the line through ferrite 
toroids, discussed in Section D.3.3. 
The goal is for the choke to have at least 1,000 Ω of impedance.  For the frequency of 
interest, 13.56 MHz, the optimal material is NiZn type M ferrites from National 
Magnetics Group.  Due to the stiffness of the RG-393, only two turns through the choke 
is possible.  Therefore in order to achieve the necessary impedance, sixteen toroids are 
used in series with an outer diameter of 8.73 cm, an inner diameter of 4.45 cm, a height 
of 1.25 cm, and a quality factor of 37.5.  The total impedance of the choke is 1,020 Ω.  
The total length of coax cable from the matching network to the antenna, including the 




























Figure 162. In-vacuum matching network RF system configuration schematic. 
 
D.4.2.3 Minimized External Configuration 
One of the primary drawbacks to the in-vacuum configuration is that the matching 
network does not have any external cooling.  For standard operating at low power and 
SWR the vacuum-rated components can handle the thermal loading.  However, during 
testing of various operating conditions which call for extensive cycling where the power 
and SWR spike during GHIT operation, the lack of cooling can lead to component 
damage.  In particular, the N-type connector at signal input into the matching network is 
prone to failure in this configuration.  Degradation f this component generally appears 
as an unsteady SWR during operation, which can start as small perturbations of ±0.04 
and over time increase to ±0.2, at which point the system cannot be tuned below an SWR 
of 2.0.  A third RF system variant is designed to incorporate the short transmission line 
lengths of the in-vacuum configuration while preserving the exterior matching network of 
the resonant line configuration.  This setup is called the minimized external 
configuration. 
The minimized external configuration is essentially the resonant line configuration 
with the resonant line condition removed and the transmission line between the matching 
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network and the antenna reduced to only what is requi d to reach the antenna.  The total 
transmission line length differs slightly between the in-vacuum and minimized 
configurations due to the location of the matching etwork outside of the vacuum 
chamber relative to the feedthrough.  A schematic of the minimized external 
configuration is shown in Figure 163. 
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Figure 163. Minimized external RF system configuration schematic. 
 
D.4.3 RF System Performance 
The primary source of attenuation is the transmission line that connects the source 
cabinet to the antenna and the in-line matching network.  Therefore power attenuation is 
measured between the location of the directional coupler inside the source cabinet and the 
antenna.  The antenna is replaced with a 50 Ω dummy load and the system is tuned to a 
SWR of 1.02 or below.  The forward power at a fixed source output is first measured at 
the source by the LP-100A.  The power at the load is then measured by relocating the 
directional coupler to immediately before the dummy load and running the system at the 
exact same condition.  Attenuation is measured using the procedure outlined in Section 


























Figure 164. Power attenuation as a function of SWR and configuration.   
 
Both the in-vacuum matching network and the minimized external configurations 
demonstrate a lower attenuation while at the same ti e reducing the length of 
transmission line necessary to complete the setup.  The increase in power that is 
transmitted through the line at an SWR of 1.00 is approximately 13% of the power 
supplied by the source.  This is an appreciable increase in power transmitted to the 
antenna and demonstrates that removal of the resonant li e condition does not impair 
operation. 
  The justification for the resonant line condition was that the impedance of the line 
from the matching network to the antenna would be zero if the line length was an odd 
multiple of the wavelength.  Thus, even a short transmission line would have greater 
impedance than resonant line.  However, the resonant line condition assumes a lossless 
transmission line, which is not a practical assumption and ultimately the added line length 
of the resonant condition increases overall losses.  Removal of the resonant line condition 
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also enables variation of the RF frequency over wide ranges without necessitating a 
change in transmission line length to avoid additional power attenuation.   
The resonant line configuration was the first system developed, and is the design used 
during thrust testing of the helicon.  Afterwards the RF system was redesigned with the 
two latter variants as possible options.  Due to the previously mentioned difficulty with 
component longevity of the matching network inside th  vacuum chamber, the minimized 
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